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(57) ABSTRACT

In a method of manufacturing a variable resistance non-vola-
tile memory device including non-volatile memory element
layers stacked together by repeating the step (S100,
S200 . . .) of forming a non-volatile memory element layer
plural times, when a thickness of the second metal oxide layer
included in each of the non-volatile memory element layers
just after the step of forming the corresponding non-volatile
memory element layer is completed is a thickness in forma-
tion, and when an area of a portion of the second metal oxide
layer included in each of the non-volatile memory element
layers and a portion of the first metal oxide layer included in
the corresponding non-volatile memory element layer, which
portions are in contact with each other, just after the step of
forming the corresponding non-volatile memory element
layer is completed is an area in formation, at least one of the
thickness in formation and the area in formation is made
different among the steps of forming the non-volatile memory
element layers, to cause all of the non-volatile memory ele-
ments in a state in which formation of an uppermost non-
volatile memory element layer is completed, to have an equal
initial resistance.
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VARIABLE RESISTANCE NON-VOLATILE
MEMORY DEVICE AND MANUFACTURING
METHOD THEREOF

RELATED APPLICATIONS

This application is the U.S. National Phase under 35 U.S.C.
§371 of International Application No. PCT/JP2012/007336,
filed on Nov. 15, 2012, which in turn claims the benefit of
Japanese Application No. 2011-252079, filed on Nov. 17,
2011, the disclosures of which Applications are incorporated
by reference herein.

TECHNICAL FIELD

The present invention relates to a variable resistance non-
volatile memory device which is configured to change its
resistance value in response to a voltage pulse applied thereto.

BACKGROUND ART

In recent years, with progresses of digital technologies,
electronic devices such as portable information devices and
information home appliances have been developed to achieve
higher functionalities. With achievement of the higher func-
tionalities of the electronic devices, semiconductor elements
incorporated into the electronic devices have been developed
at a high pace to attain further miniaturization and a higher
speed. Among them, the uses of a non-volatile memory with
a high capacity which is represented by a flash memory have
been expanding at a high space. Moreover, as a new non-
volatile memory in a next generation which has a potential of
replacing this flash memory, development of a variable resis-
tance non-volatile memory element including a variable
resistance element has been progressing. The variable resis-
tance element refers to an element which has a characteristic
in which its resistance value changes reversibly in response to
an electric signal applied thereto, and is able to store infor-
mation corresponding to the resistance value in a non-volatile
manner.

As an exemplary variable resistance element, there has
been proposed a semiconductor memory device incorporat-
ing a variable resistance layer including transition metal
oxides which are different from each other in oxygen content
atomic percentage and are stacked together. For example,
Patent Literature 1 discloses that a redox reaction is caused to
take place selectively in a region of an interface between an
electrode and a variable resistance layer with a higher oxygen
content atomic percentage, contacting the electrode, and
resistance change is stabilized.

A variable resistance layer of a non-volatile memory ele-
ment disclosed in Patent Literature 2 includes a first variable
resistance layer and a second variable resistance layer, the
first variable resistance layer comprises a first transition metal
oxide, the second variable resistance layer comprises a sec-
ond transition metal oxide and a third transition metal oxide,
the second transition metal oxide has a lower oxygen content
atomic percentage than the first transition metal oxide and the
third transition metal oxide, and the second transition metal
oxide and the third transition metal oxide are in contact with
the first variable resistance layer.

CITATION LISTS
Patent Literature

Patent Literature 1: International Publication WO2008/

149484
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2
Patent Literature 2: International Publication WO2011/
114725

SUMMARY OF INVENTION
Technical Problem

An object is to suppress fluctuation of element character-
istics in a case where non-volatile memory elements each
including a variable resistance layer including a plurality of
metal oxide layers which are different from each other in
oxygen content atomic percentage and are stacked together,
are stacked together, more effectively than a conventional
configuration.

Solution to Problem

To achieve the above described object, according to the
present invention, there is provided a method of manufactur-
ing a variable resistance non-volatile memory device includ-
ing non-volatile memory element layers stacked together by
repeating the step of forming a non-volatile memory element
layer plural times, the step of forming the non-volatile
memory element layer including the steps of: forming a lower
electrode layer; forming a variable resistance layer on and
above the lower electrode layer; and forming an upper elec-
trode layer on and above the variable resistance layer; and the
step of forming the variable resistance layer including the
steps of: forming a first metal oxide layer comprising a first
metal oxide; and forming a second metal oxide layer com-
prising a second metal oxide having a higher oxygen content
atomic percentage than the first metal oxide; wherein when a
thickness of the second metal oxide layer included in each of
the non-volatile memory element layers just after the step of
forming the corresponding non-volatile memory element
layer is completed is a thickness in formation, and when an
area of a portion of the second metal oxide layer included in
each of the non-volatile memory element layers and a portion
of the first metal oxide layer included in the corresponding
non-volatile memory element layer, which portions are in
contact with each other, just after the step of forming the
corresponding non-volatile memory element layer is com-
pleted is an area in formation, at least one of the thickness in
formation and the area in formation is made different among
the steps of forming the non-volatile memory element layers,
to cause all of the non-volatile memory elements in a state in
which formation of an uppermost non-volatile memory ele-
ment layer is completed, to have an equal initial resistance.

In this configuration, it becomes possible to suppress fluc-
tuation of element characteristics in a case where non-volatile
memory elements each including a variable resistance layer
including a plurality of metal oxide layers which are different
from each other in oxygen content atomic percentage and are
stacked together, are stacked together, more effectively, than
a conventional configuration.

According to the present invention, there is provided a
variable resistance non-volatile memory device comprising
non-volatile memory element layers stacked together, each of
the non-volatile memory element layers including a lower
electrode layer, a variable resistance layer formed on and
above the lower electrode layer, and an upper electrode layer
formed on and above the variable resistance layer; the vari-
able resistance layer including a first metal oxide layer com-
prising a first metal oxide, and a second metal oxide layer
comprising a second metal oxide having a higher oxygen
content atomic percentage than the first metal oxide; when a
thickness of the second metal oxide layer included in each of
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the non-volatile memory element layers just after formation
of the corresponding non-volatile memory element layer is
completed is a thickness in formation, and when an area of a
portion of the second metal oxide layer included in each of the
non-volatile memory element layers and a portion of the first
metal oxide layer included in the corresponding non-volatile
memory element layer, which portions are in contact with
each other, just after formation of the corresponding non-
volatile memory element layer is completed is an area in
formation, at least one of the thickness in formation and the
area in formation is made different among the non-volatile
memory element layers, to cause all of the non-volatile
memory elements to have an equal initial resistance.

In this configuration, it becomes possible to suppress fluc-
tuation of element characteristics in a case where non-volatile
memory elements each including a variable resistance layer
including a plurality of metal oxide layers which are different
from each other in oxygen content atomic percentage and are
stacked together, are stacked together, more effectively, than
a conventional configuration.

Advantageous Effects of the Invention

In a variable resistance non-volatile memory device and a
manufacturing method thereof of the present invention, it
becomes possible to suppress fluctuation of element charac-
teristics in a case where non-volatile memory elements each
including a variable resistance layer including a plurality of
metal oxide layers which are different from each other in
oxygen content atomic percentage and are stacked together,
are stacked together, more effectively, than a conventional
variable resistance non-volatile memory device and a conven-
tional manufacturing method thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view showing an exemplary
configuration of a non-volatile memory element.

FIG. 2 is a view of a result of Experiment 1.

FIG. 3 is a view of a result of Experiment 2.

FIG. 4 is a view showing a comparison among effective
element sizes of elements formed using a mask having a size
of (500 nmx500 nm), regarding three samples created in
Experiment 3.

FIG. 5 is a view showing a comparison between a current
value (HR) corresponding to a higher-resistance state and a
current value (LR) corresponding to a lower-resistance state,
which occur in a case where the elements included in the three
samples created in Experiment 3 and formed using the mask
having a size of (500 nmx500 nm), are caused to perform a
resistance changing operation.

FIG. 6 is a flow chart showing an exemplary manufacturing
method of a variable resistance non-volatile memory device
according to Embodiment 1.

FIG.7A is a view showing the step of forming on and above
a substrate, a first wire, a first interlayer insulating layer, and
a first contact plug in Example 1 of Embodiment 1.

FIG. 7B is a view showing the step of forming a lower
electrode layer in a first non-volatile memory element layer
such that the lower electrode layer covers the first contact
plug, in Example 1 of Embodiment 1.

FIG.7C is a view showing the step of forming on and above
the lower electrode layer, a first metal oxide layer in the first
non-volatile memory element layer and a second metal oxide
layer in the first non-volatile memory element layer, in this
order, in Example 1 of Embodiment 1.
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4

FIG. 7D is a view showing the step of forming an upper
electrode layer in the first non-volatile memory element layer,
on and above the second metal oxide layer, in Example 1 of
Embodiment 1.

FIG. 7E is a view showing the step of forming a non-
volatile memory element in the first non-volatile memory
element layer by patterning, in Example 1 of Embodiment 1.

FIG. 7F is view showing the step of forming a second
interlayer insulating layer and a second contact plug on and
above the non-volatile memory element, in Example 1 of
Embodiment 1.

FIG. 7G is a view showing the step of forming a second
wire, a third interlayer insulating layer and a third contact
plug, on and above the second contact plug, in Example 1 of
Embodiment 1.

FIG. 7H is a view showing the step of forming a lower
electrode layer in a second non-volatile memory element
layer such that the lower electrode layer covers the third
contact plug, in Example 1 of Embodiment 1.

FIG. 71is a view showing the step of forming on and above
the lower electrode layer, a first metal oxide layer in the
second non-volatile memory element layer and a second
metal oxide layer in the second non-volatile memory element
layer, in this order, in Example 1 of Embodiment 1.

FIG. 7] is a view showing the step of forming an upper
electrode layer in the second non-volatile memory element
layer on and above the second metal oxide layer, in Example
1 of Embodiment 1.

FIG. 7K is a view showing the step of forming a non-
volatile memory element in the second non-volatile memory
element layer, by patterning, in Example 1 of Embodiment 1.

FIG. 7L is a view showing the step of forming a fourth
interlayer insulating layer, a fourth contact plug, and a third
wire on and above the non-volatile memory element, in
Example 1 of Embodiment 1.

FIG. 8 is a view of a result of Experiment 4.

FIG. 9 is a flow chart showing an exemplary manufacturing
method of a variable resistance non-volatile memory device
according to Embodiment 2.

FIG. 10A is a view showing the step of forming on and
above the substrate, the first wire, the first interlayer insulat-
ing layer, the first contact plug, the patterned lower electrode
layer, the patterned first metal oxide layer, the patterned sec-
ond metal oxide layer and the patterned upper electrode layer,
in Example 1 of Embodiment 2.

FIG. 10B is a view showing the step of forming the non-
volatile memory element in the first non-volatile memory
element layer, by oxidizing a portion of the first metal oxide
layer to form a third metal oxide layer, in Example 1 of
Embodiment 2.

FIG. 10C is a view showing the step of forming, on and
above the non-volatile memory element, the second inter-
layer insulating layer, the second contact plug, the second
wire, the third interlayer insulating layer, the third contact
plug, the patterned lower electrode layer, the patterned first
metal oxide layer, the patterned second metal oxide layer, and
the patterned upper electrode layer, in Example 1 of Embodi-
ment 2.

FIG. 10D is a view showing the step of forming the non-
volatile memory element in the second non-volatile memory
element layer, by oxidizing a portion of the first metal oxide
layer to form the third metal oxide layer, in Example 1 of
Embodiment 2.

FIG. 10E is a view showing the step of forming, on and
above the non-volatile memory element, the fourth interlayer
insulating layer, the forth contact plug, and the third wire, in
Example 1 of Embodiment 2.
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FIG. 11A is a view showing the step of forming on and
above the substrate, the first wire, the first interlayer insulat-
ing layer, the first contact plug, the lower electrode layer in the
first non-volatile memory element layer, the first metal oxide
layer in the first non-volatile memory element layer, the sec-
ond metal oxide layer in the first non-volatile memory ele-
ment layer, and the upper electrode layer in the first non-
volatile memory element layer, in Example 2 of Embodiment
2.

FIG. 11B is a view showing the step of patterning the lower
electrode layer, the first metal oxide layer, the second metal
oxide layer and the upper electrode layer, in Example 2 of
Embodiment 2.

FIG. 11C is a view showing the step of forming the non-
volatile memory element in the first non-volatile memory
element layer, by oxidizing a portion of the first metal oxide
layer to form the third metal oxide layer, in Example 2 of
Embodiment 2.

FIG. 11D is a view showing the step of forming, on and
above the non-volatile memory element, the second inter-
layer insulating layer, the second contact plug, the second
wire, the third interlayer insulating layer, the third contact
plug, the patterned lower electrode layer, the patterned first
metal oxide layer, the patterned second metal oxide layer and
the patterned upper electrode layer, in Example 2 of Embodi-
ment 2.

FIG. 11E is a view showing the step of forming the non-
volatile memory element in the second non-volatile memory
element layer, by oxidizing a portion of the first metal oxide
layer to form the third metal oxide layer, in Example 2 of
Embodiment 2.

FIG. 11F is a view showing the step of forming on and
above the non-volatile memory element, the fourth interlayer
insulating layer, the fourth contact plug, and the third wire, in
Example 2 of Embodiment 2.

FIG. 12 is a flow chart showing an exemplary manufactur-
ing method of a variable resistance non-volatile memory
device according to Embodiment 3.

FIG. 13A is a view showing the step of forming the non-
volatile memory element in the first non-volatile memory
element layer in such a manner that the first wire, the first
interlayer insulating layer and the first contact plug are
formed on and above the substrate, the lower electrode layer,
the first metal oxide layer, the second metal oxide layer and
the upper electrode layer are formed by patterning on and
above the first wire, the first interlayer insulating layer and the
first contact plug, and a portion of the first metal oxide layer
is oxidized to form the third metal oxide layer.

FIG. 13B is a view showing the step of forming an oxygen
barrier layer on a side wall of a variable resistance layer in the
first non-volatile memory element layer, in Example 1 of
Embodiment 3.

FIG. 13C is a view showing the step of forming, on and
above the non-volatile memory element with the side wall of
the variable resistance layer covered with the oxygen barrier
layer, the second interlayer insulating layer, the second con-
tact plug, the second wire, the third interlayer insulating layer,
the third contact plug, the patterned lower electrode layer, the
patterned first metal oxide layer, the patterned second metal
oxide layer and the patterned upper electrode layer in
Example 1 of Embodiment 3.

FIG. 13D is a view showing the step of forming the non-
volatile memory element in the second non-volatile memory
element layer, by oxidizing a portion of the first metal oxide
layer to form the third metal oxide layer, in Example 1 of
Embodiment 3.
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FIG. 13E is a view showing the step of forming the oxygen
barrier layer on the side wall of the variable resistance layer in
the second non-volatile memory element layer, in Example 1
of Embodiment 3.

FIG. 13F is a view showing the step of forming, on and
above the non-volatile memory element with the side wall of
the variable resistance layer covered with the oxygen barrier
layer, the fourth interlayer insulating layer, the fourth contact
plug, and the third wire, in Example 1 of Embodiment 3.

FIG. 14 is a view showing a comparison of width of the
third metal oxide layer between the element including the
oxygen barrier layer and the element including no oxygen
barrier layer, in Experiment 5.

FIG. 15 is a view showing a comparison between a current
value (HR) corresponding to a higher-resistance state and a
current value (LR) corresponding to a lower-resistance state,
which occur in a case where the element including the oxygen
barrier layer and the element including no oxygen barrier
layer are caused to perform a resistance changing operation,
in Experiment 5.

FIG. 16 is a view showing an exemplary schematic con-
figuration of a variable resistance non-volatile memory ele-
ment according to Modified example 1.

DESCRIPTION OF THE INVENTION

The present inventors developed a variable resistance non-
volatile memory device capable of lowering of a break volt-
age of a variable resistance non-volatile memory element and
suppressing fluctuation of break voltages among elements,
and a manufacturing method thereof. The term “break” refers
to a step in which after manufacturing the non-volatile
memory element, a filament (electric conductive path) is
formed in a variable resistance layer having a higher oxygen
content atomic percentage, thereby enabling a resistance
changing operation to occur smoothly thereafter. The term
“break voltage” refers to a voltage applied between two elec-
trodes of the variable resistance non-volatile memory element
after manufacturing the non-volatile memory element, to per-
form the break.

FIG. 1 is a cross-sectional view showing an exemplary
configuration of a non-volatile memory element. A non-vola-
tile memory element 10 includes a substrate 100 provided
with a first wire 101, a first interlayer insulating layer 102
formed on and above the substrate 100 such that it covers the
first wire 101, and a first contact plug 103 penetrating the first
interlayer insulating layer 102 and being electrically con-
nected to the first wire 101. A non-volatile memory element
including a lower electrode layer 104, a variable resistance
layer 105 and an upper electrode layer 106 is formed such that
it covers the first contact plug 103. A second interlayer insu-
lating layer 107 is formed such that it covers the non-volatile
memory element. A second contact plug 108 is formed such
that it penetrates the second interlayer insulating layer 107
and is electrically connected to the upper electrode layer 106.
A second wire 201 is formed such that it covers the second
contact plug 108.

The variable resistance layer 105 has a stacked-layer struc-
ture including a first metal oxide layer 1054 and a second
metal oxide layer 10556 which are stacked together. The first
metal oxide layer 105a comprises a metal oxide containing,
for example, oxygen-deficient tantalum oxide (TaO,,
0<x<2.5) as a major component. For example, a metal oxide
(hereinafter referred to as second metal oxide) constituting
the second metal oxide layer 1055 has a higher oxygen con-
tent atomic percentage than a metal oxide (hereinafter
referred to as first metal oxide) constituting the first metal
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oxide layer 105a. For example, when the second metal oxide
layer 1056 comprises tantalum oxide (TaO,), the oxygen
content atomic percentage of the second metal oxide is higher
than the oxygen content atomic percentage of the first metal
oxide (x<y). When the second metal oxide layer 10556 com-
prises a metal other than tantalum, the oxygen content atomic
percentage of the second metal oxide is higher than the oxy-
gen content atomic percentage of the first metal oxide.

In addition to the above, as shown in FIG. 1, a third metal
oxide layer 105¢ which is a substantially insulating layer and
has a higher oxygen content atomic percentage may be
formed to surround the first metal oxide layer 1054. The third
metal oxide layer 105¢ (z>x, when the metal oxide is TaO,) is
in contact with at least a portion of a second surface (bottom
surface in FIG. 1) of the second metal oxide layer 10554, while
the first metal oxide layer 1054 is in contact with the remain-
ing portion of the second surface (bottom surface in F1IG. 1) of
the second metal oxide layer 1055.

In accordance with this configuration, since the third metal
oxide layer 105¢ having a higher resistance value is disposed
on a side portion of the first metal oxide layer 105a having a
lower resistance value, an area (effective area) of the first
metal oxide layer 1054 having a lower resistance value in a
horizontal direction is smaller than an area of an electrode
region of the upper electrode layer 107. This results in an
increase in a density of a current flowing from the first metal
oxide layer 105a to the second metal oxide layer 1055,
thereby facilitating formation of an electric conductive path
in the second metal oxide layer 10556. Therefore, the break
voltage of the non-volatile memory element can be lowered.

However, it was found out that when a plurality of layers
each including the above stated non-volatile memory element
10 were stacked together, there was fluctuation of resistance
changing characteristics between the non-volatile memory
element disposed in a lower layer and the non-volatile
memory element disposed in an upper layer.

To research a cause of the above stated fluctuation, the
present inventors conducted experiments as follows.

Experiment 1

In Experiment 1, metal oxides which were different from
each other in oxygen content atomic percentage were stacked
together, and oxygen profiles which were formed before and
after thermal treatment were measured by AES (Auger Elec-
tron Spectroscopy).

Inthe present experiment, on an SiN substrate for analysis,
TaO, (thickness: 30 nm, resistivity: 6 mQ-cm, oxygen content
atomic percentage: about 60%) was deposited by reactive
sputtering, and Ta,O; (thickness: 6 nm, resistivity: insulator,
oxygen content atomic percentage: about 72%) was depos-
ited on the TaO, by sputtering using a Ta,O5 target. The
resulting sample was subjected to heating (in nitrogen atmo-
sphere, 400 degrees C., for 10 minutes). A comparison was
made for the oxygen profile between the sample which has
gone through the heating and the sample which has not gone
through the heating (before annealing).

FIG. 2 is a view of a result of Experiment example 1. A
horizontal axis represents a depth by “Sputter Time [min]”,
while a vertical axis represents “O, Intensity” of oxygen by an
arbitrary unit (a.u.). As the signal intensity is higher, the
oxygen concentration (oxygen content atomic percentage) is
higher. As shown in FIG. 2, each of the oxygen profiles had a
double-layer structure because of the difference in oxygen
content atomic percentage between the TaO, layer and the
Ta, O, layer. A peak of oxygen in the Ta,O; layer was lower in
the sample after the annealing than in the sample before the
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annealing. This implied that oxygen in the Ta,O; layer dif-
fused into the TaO, layer by the heating process.

Experiment 2

In Experiment 2, regarding the element having a structure
in which the variable resistance layer comprising metal
oxides which were different from each other in oxygen con-
tent atomic percentage and were stacked together was sand-
wiched between a pair of electrodes, a comparison was made
for initial resistance between the element before the heating
process and the element after the heating process.

In the present experiment, silicon nitride was deposited on
a silicon wafer, and TiAIN (thickness: 50 nm) and TaN (thick-
ness: 70 nm) were deposited on and above the silicon nitride
in this order by sputtering, to form a lower electrode layer.
TaO, (thickness: 30 nm, resistivity: 6 mQ-cm, oxygen content
atomic percentage: about 60%) was deposited on and above
the lower electrode layer by reactive sputtering. Ta,O5 (resis-
tivity: insulator, oxygen content atomic percentage: about
72%) was deposited on and above the TaO_ by sputtering
using the Ta,O; target. Thicknesses of Ta,O; layers were set
t0 4.2 nm, 4.9 nm, and 5.5 nm, respectively. Ir (thickness: 80
nm) and TiAIN (thickness: 100 nm) were deposited on each of
the Ta,Oj layers in this order by sputtering, to form an upper
electrode layer. The elements were set to have a square shape
of having a size of (50 umx50 um). Regarding the created
three samples, resistance values before and after the heating
process (in nitrogen atmosphere, 400 degrees C., for 10 min-
utes) were measured. An applied voltage was 50 mV.

FIG. 3 is a view of a result of Experiment 2. A horizontal
axis indicates a thickness (higher-resistance layer thickness)
ofthe Ta,O; layer, while a vertical axis indicates resistance of
the variable resistance element. “E+08” indicates “x10%”. As
can be seen from FIG. 3, as the thickness of the Ta,O; layer
increased, the resistance became higher. The resistance was
lowered by the heating process. This result implied that oxy-
gen in the Ta,O; layer diffused into the TaO, layer by the
heating process and thereby the thickness of the Ta,O5 layer
decreased.

Experiment 3

In Experiment 3, research was conducted as to how char-
acteristics of the lower element were affected due to heating
in the step of forming the upper element in the case where the
elements each including the third metal oxide layer shown in
FIG. 1 were stacked in two layers.

In the present experiment, three samples were created,
which were a sample (Ref) consisting of a single layer, a
sample (TEOS) including the interlayer insulating layer com-
prising TEOS (tetraethyl orthosilicate), and a sample (FSG)
including the interlayer insulating layer comprising FSG (flu-
orinated silicate glass).

Regarding each of these samples, six elements having sides
which were different from each other in a range of about 0.3
um to about 0.9 um. The sizes (lengths of one side) of the
elements were plotted to X-axis, inverses (R™/?) of square
roots of initial resistances were plotted to Y-axis, linear por-
tions were extrapolated, and intersections with the X-axis
were found. The values (x) of the intersections were AL.

AL/2 corresponded to a width (horizontal thickness in FIG.
1, the same occurs hereinafter) of the formed third metal
oxide layer. An effective element size was a value derived by
subtracting AL, from the size of the element. The effective
element size corresponded to an area (area of the upper end
surface of the first metal oxide layer in FIG. 1) of a portion of
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the first metal oxide layer and a portion of the second metal
oxide layer, which portions were in contact with each other, in
the completed sample.

The samples were created as described below.

The sample (Ref) consisting of a single layer was formed as
follows. An aluminum wire was formed on and above the
silicon wafer, and TEOS was deposited by plasma CVD,
thereby forming the interlayer insulating layer. A contact hole
(diameter: 250 nm) was formed in the interlayer insulating
layer by etching, and tungsten was filled into the contact hole
by CVD to form a contact plug.

TiN (thickness: 20 nm) and TaN (thickness: 20 nm) were
deposited in this order by sputtering such that they cover the
contact plug. TaO,, (thickness: 30 nm, resistivity: 6 mQ2-cm,
oxygen content atomic percentage: about 60%) was depos-
ited on and above the TaN layer by reactive sputtering. Ta,O5
(resistivity: insulator, oxygen content atomic percentage:
about 72%) was deposited on and above the TaO, layer by
sputtering using the Ta, O target. Ir (thickness: 80 nm) was
deposited on and above the Ta,O; layer by sputtering. Then,
using masks and by etching, six non-volatile memory ele-
ments which were different from each other in size were
formed.

TEOS was deposited by plasma CVD (350 degrees C.,
hereinafter the same occurs) such that it covers the non-
volatile memory element, to form the interlayer insulating
layer. A contact hole (diameter: 250 nm) was formed in the
interlayer insulating layer by etching, and tungsten was filled
into the contact hole by CVD to form a contact plug. Finally,
an aluminum wire was formed such that it covers the contact
plug.

The sample (TEOS) including the interlayer insulating
layer comprising TEOS was formed as follows. On the
sample formed like the sample (Ref) consisting of a single
layer, TEOS was further deposited by the plasma CVD, to
form the interlayer insulating layer. A contact hole (diameter:
250 nm) was formed in the interlayer insulating layer by
etching, and tungsten was filled into the contact hole by CVD
to form a contact plug.

TiN (thickness: 20 nm) and TaN (thickness: 20 nm) were
deposited in this order by sputtering such that they cover the
contact plug. TaO,, (thickness: 30 nm, resistivity: 6 mQ2-cm,
oxygen content atomic percentage: about 60%) was depos-
ited on and above the TaN layer by reactive sputtering. Ta,O5
(resistivity: insulator, oxygen content atomic percentage:
about 72%) was deposited on and above the TaO, layer by
sputtering using the Ta,O, target. Ir (thickness: 80 nm) was
deposited on and above the Ta,O; layer by sputtering. Then,
using masks having the same shapes as those of the lower
element and by etching, six non-volatile memory elements
which were different from each other in size were formed.

TEOS was deposited by plasma CVD such that it covers
the non-volatile memory element, to form an interlayer insu-
lating layer. A contact hole (diameter: 250 nm) was formed in
the interlayer insulating layer by etching, and tungsten was
filled into the contact hole by the CVD to form a contact plug.
Finally, an aluminum wire was formed such that it covers the
contact plug.

The sample (FSG) including the interlayer insulating layer
comprising FSG was formed in the same method as that of the
sample (TEOS) including the interlayer insulating layer com-
prising TEOS except that FSG was deposited by the plasma
CVD (480 degrees C.) with a high density, to form all inter-
layer insulating layers.

FIG. 4 is a view showing a comparison among effective
element sizes (effective lengths of sides) of the elements
formed using a mask having a size of (500 nmx500 nm),
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regarding the three samples created in Experiment 3. FIG. 4
shows the effective element sizes of the elements included in
the lower layers, regarding the sample (TEOS) including the
interlayer insulating layer comprising TEOS and the sample
(FSG) including the interlayer insulating layer comprising
FSG

As shown in FIG. 4, the effective element size was smaller
in the sample (TEOS) including the interlayer insulating layer
comprising TEOS than in the sample (Ref) consisting of a
single layer. This result implied that, in the lower non-volatile
memory element, oxygen diffused from the interlayer insu-
lating layer to the third metal oxide layer and from the third
metal oxide layer to the first metal oxide layer, due to the
heating in the step of forming the upper non-volatile memory
element, the width of the first metal oxide layer became
smaller, and as a result, the effective element size became
smaller.

The effective size became smaller in the sample (FSG)
including the interlayer insulating layer comprising FSG than
the sample (TEOS) including the interlayer insulating layer
comprising TEOS. This result might be attributed to the fact
that diffusion of oxygen occurred more noticeably in the
sample (FSG) including the interlayer insulating layer com-
prising FSG because the temperature was higher in the step of
depositing FSG (480 degrees C.) than in the step of depositing
TEOS (350 degrees C.).

FIG. 5 is a view showing a comparison between a current
value (HR) corresponding to a higher-resistance state and a
current value (LR) corresponding to a lower-resistance state,
which occurred in a case where the elements included in the
three samples created in Experiment 3 and formed using the
mask having a size of (500 nmx500 nm), were caused to
perform a resistance changing operation. The applied voltage
was 0.4V so that the resistance change did not occur.

As shown in FIG. 5, a difference between the HR and the
LR was smaller in the sample (TEOS) including the interlayer
insulating layer comprising TEOS than in the sample (Ref)
consisting of a single layer. It was presumed that this result
was attributed to the fact that the effective element size was
reduced and the characteristics were degraded in the sample
(TEOS) including the interlayer insulating layer comprising
TEOS.

In the sample (FSG) including the interlayer insulating
layer comprising FSG, there was no substantial difference
between the HR and the LR. It was presumed that this result
was attributed to the fact that a reduction of the effective
element size and degradation of the characteristics occurred
more noticeably in the sample (FSG) including the interlayer
insulating layer comprising FSG, because the temperature
was higher in the step of depositing FSG (480 degrees C.)
than in the step of depositing TEOS (350 degrees C.).

From the results of the above three experiments, it was
understood that there caused fluctuation of the characteristics
of'the non-volatile memory elements stacked together, among
the non-volatile memory element layers, and this fluctuation
was caused by migration of oxygen due to the heating pro-
cess.

In view of the above stated findings, the present inventors
conceived as follows. That is, by setting the thickness of the
second metal oxide layer greater, setting the width of the third
metal oxide layer smaller, and forming the oxygen barrier
layer around the third metal oxide layer to inhibit oxygen
from migrating from the interlayer insulating layer into the
third metal oxide layer, just after the corresponding layer in
the non-volatile memory element in the lower layer is formed,
completed non-volatile memory elements in all non-volatile
memory element layers can attain uniform characteristics
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(initial resistance, a difference in resistance value between the
higher-resistance state and the lower-resistance state).

According to one aspect of the present invention, there is
provided a method of manufacturing a variable resistance
non-volatile memory device including non-volatile memory
element layers stacked together by repeating the step of form-
ing a non-volatile memory element layer plural times, the step
of forming the non-volatile memory element layer including
the steps of: forming a lower electrode layer; forming a vari-
able resistance layer on and above the lower electrode layer;
and forming an upper electrode layer on and above the vari-
able resistance layer; and the step of forming the variable
resistance layer including the steps of: forming a first metal
oxide layer comprising a first metal oxide; and forming a
second metal oxide layer comprising a second metal oxide
having a higher oxygen content atomic percentage than the
first metal oxide; wherein when a thickness of the second
metal oxide layer included in each of the non-volatile
memory element layers just after the step of forming the
corresponding non-volatile memory element layer is com-
pleted is a thickness in formation, and when an area of a
portion of the second metal oxide layer included in each of the
non-volatile memory element layers and a portion of the first
metal oxide layer included in the corresponding non-volatile
memory element layer, which portions are in contact with
each other, just after the step of forming the corresponding
non-volatile memory element layer is completed is an area in
formation, at least one of the thickness in formation and the
area in formation is made different among the steps of form-
ing the non-volatile memory element layers, to cause all of the
non-volatile memory elements in a state in which formation
of an uppermost non-volatile memory element layer is com-
pleted, to have an equal initial resistance.

In this configuration, it becomes possible to suppress fluc-
tuation of element characteristics in a case where non-volatile
memory elements each including a variable resistance layer
including a plurality of metal oxide layers which are different
from each other in oxygen content atomic percentage and are
stacked together, are stacked together, more effectively than a
conventional configuration.

By diffusion of oxygen including diffusion of oxygen from
the second metal oxide layer to the first metal oxide layer, in
the steps of forming all of the non-volatile memory element
layers, at least one of the thickness in formation and the area
in formation may be made different, among the steps of
forming the non-volatile memory element layers, to cause all
of the non-volatile memory elements in a state in which
formation of the uppermost non-volatile memory element
layer is completed, to have an equal initial resistance.

The thickness in formation may be greater in the step
corresponding to a lower non-volatile memory element layer,
among the steps of forming the non-volatile memory element
layers.

When the thickness in formation in the step of forming a
lower non-volatile memory element layer is D1 and the thick-
ness in formation in the step of forming an upper non-volatile
memory element layer is D2, regarding a combination of two
steps of forming the non-volatile memory element layers,
which occur successively, among the steps of forming the
non-volatile memory element layers, D2<D1<(1.1xD2) may
be satisfied.

The step of forming the non-volatile memory element layer
may include the step of forming a third metal oxide layer
comprising a third metal oxide having a higher oxygen con-
tent atomic percentage than the first metal oxide, on an outer
peripheral portion of the first metal oxide layer such that the
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second metal oxide layer is interposed between the first metal
oxide layer and the third metal oxide layer, and the electrode.

In the step corresponding to a lower non-volatile memory
element layer, among the steps of forming the non-volatile
memory element layers, an area of a portion of the third metal
oxide layer and a portion of the second metal oxide layer,
which portions are in contact with each other, just after the
step of forming the corresponding non-volatile memory ele-
ment layer is completed, may be smaller.

In the step corresponding to a lower non-volatile memory
element layer, among the steps of forming the non-volatile
memory element layers, an area of the upper electrode layer,
just after the step of forming the corresponding non-volatile
memory element layer is completed, may be greater.

The step of forming the non-volatile memory element layer
may include the step of forming an oxygen barrier layer on a
side wall of the variable resistance layer.

In the step corresponding to a lower non-volatile memory
element layer, among the steps of forming the non-volatile
memory element layers, the area in formation may be greater.

A step accompanied by heating, other than a deposition
step and an etching step, may be performed after the step of
forming the uppermost non-volatile memory element layer is
completed.

According to another aspect of the present invention, there
is provided a variable resistance non-volatile memory device
comprising non-volatile memory element layers stacked
together, each of the non-volatile memory element layers
including a lower electrode layer, a variable resistance layer
formed on and above the lower electrode layer, and an upper
electrode layer formed on and above the variable resistance
layer; the variable resistance layer including a first metal
oxide layer comprising a first metal oxide, and a second metal
oxide layer comprising a second metal oxide having a higher
oxygen content atomic percentage than the first metal oxide;
when a thickness of the second metal oxide layer included in
each of the non-volatile memory element layers just after
formation of the corresponding non-volatile memory element
layer is completed is a thickness in formation, and when an
area of a portion of the second metal oxide layer included in
each of the non-volatile memory element layers and a portion
of the first metal oxide layer included in the corresponding
non-volatile memory element layer, which portions are in
contact with each other, just after formation of the corre-
sponding non-volatile memory element layer is completed is
an area in formation, at least one of the thickness in formation
and the area in formation is made different among the non-
volatile memory element layers, to cause all of the non-
volatile memory elements to have an equal initial resistance.

In this configuration, it becomes possible to suppress fluc-
tuation of element characteristics in a case where non-volatile
memory elements each including a variable resistance layer
including a plurality of metal oxide layers which are different
from each other in oxygen content atomic percentage and are
stacked together, are stacked together, more effectively, than
a conventional configuration.

All of the non-volatile memory element layers may be
caused to have an equal initial resistance, by diffusion of
oxygen including diffusion of oxygen from the second metal
oxide layer to the first metal oxide layer, in the steps of
forming all of the non-volatile memory element layers.

The thickness in formation may be greater in a lower non-
volatile memory element layer.

When the thickness in formation in a lower non-volatile
memory element layer is D1 and the thickness in formation in
anupper non-volatile memory element layer is D2, regarding
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a combination of two non-volatile memory element layers
which are adjacent to each other, D2<D1<(1.1xD2) may be
satisfied.

The variable resistance layer may include a third metal
oxide layer comprising a third metal oxide having a higher
oxygen content atomic percentage than the first metal oxide,
on an outer peripheral portion of the first metal oxide layer;
and wherein the second metal oxide layer may be interposed
between the first metal oxide layer and the third metal oxide
layer, and the electrode.

In a lower non-volatile memory element layer, an area of a
portion of the third metal oxide layer and a portion of the
second metal oxide layer, which portions are in contact with
each other, just after formation of the corresponding non-
volatile memory element layer is completed, may be smaller.

In a lower non-volatile memory element layer, an area of
the upper electrode layer, just after formation of the corre-
sponding non-volatile memory element layer is completed,
may be greater.

The non-volatile memory element layer may include an
oxygen barrier layer formed on a side wall of the variable
resistance layer.

The area in formation may be greater in a lower variable
non-volatile memory element layer.

The variable resistance non-volatile memory device may
be obtained by performing a step accompanied by heating,
other than a deposition step and an etching step, after forma-
tion of an uppermost non-volatile memory element layer is
completed.

Hereinafter, embodiments of the present invention will be
described with reference to the drawings.

Embodiment 1

FIG. 6 is a flow chart showing an exemplary manufacturing
method of a variable resistance non-volatile memory device
according to Embodiment 1.

As shown in FIG. 6, the manufacturing method of the
variable resistance non-volatile memory device according to
Embodiment 1 repeats the step (S100, S200 . . . S500) of
forming a non-volatile memory element layer plural times. In
the example of FIG. 6, the step of forming the non-volatile
memory element layer N times. N may be a natural number of
2 or more.

The step of forming the non-volatile memory element layer
includes the step (S11, S21, . . . S51) of forming a lower
electrode layer, the step (S10, S20, . . . S50) of forming a
variable resistance layer on and above the lower electrode
layer, and the step (S14, S24, . . . S54) of forming an upper
electrode layer on and above the variable resistance layer.

The variable resistance layer is a layer which is interposed
between the lower electrode layer and the upper electrode
layer, and which changes its resistance value reversibly in
response to an electric signal applied between the lower elec-
trode layer and the upper electrode layer. For example, the
variable resistance layer is a layer which reversibly changes
its resistance state between a higher-resistance state and a
lower-resistance state according to a polarity of a voltage
applied between the lower electrode layer and the upper elec-
trode layer.

The step of forming the variable resistance layer includes
the step (S12, S22, . . . S52) of forming a first metal oxide
layer comprising a first metal oxide, and the step (S13,
S23,...S53) of forming a second metal oxide layer compris-
ing a second metal oxide having a higher oxygen content
atomic percentage than the first metal oxide.
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The first metal oxide is preferably an oxygen-deficient
metal oxide. The oxygen-deficient metal oxide refers an
oxide having a lower oxygen content atomic percentage than
an oxide having a stoichiometric composition.

The second metal oxide layer has a small localized region
in which a degree of oxygen deficiency changes reversibly in
response to the electric pulse applied. It may be considered
that the localized region includes a filament formed by oxy-
gen defective sites.

The “degree of oxygen deficiency” refers to a rate of defi-
cient oxygen with respect to an amount of oxygen constitut-
ing a metal oxide having a stoichiometric composition (sto-
ichiometric composition corresponding to a highest
resistance value in a case of a plurality of stoichiometric
compositions exist). The metal oxide having the stoichiomet-
ric composition is more stable and has a higher resistance
value than a metal oxide having another composition.

For example, in the case where the metal is tantalum (Ta),
its oxide having the stoichiometric composition according to
the above definition is Ta,Os, and therefore, can be expressed
as TaO, 5. The degree of oxygen deficiency of TaO, 5 is 0%.
The degree of oxygen deficiency of TaO, 5 is (2.5-1.5)/
2.5=40%. A degree of oxygen deficiency of a metal oxide
which is excess in oxygen has a negative value. In the present
specification, the degree of oxygen deficiency may include a
positive value, 0, and a negative value, except for cases spe-
cifically described.

An oxide which is smaller in the degree of oxygen defi-
ciency is closer to the oxide having the stoichiometric com-
position, and therefore, its resistance value is greater. An
oxide which is greater in the degree of oxygen deficiency is
closer to a metal constituting the oxide, and therefore, its
resistance value is smaller.

The “oxygen content atomic percentage” is defined as a
ratio of oxygen atom number with respect to a total atom
number constituting an oxide. There exist an oxide having a
plurality of stoichiometric compositions. Herein, the sto-
ichiometric composition is defined as a composition which
provides a highest resistivity and typically exhibits insulating
properties. Depending on process conditions in formation of
a metal oxide, oxygen which is more in amount than oxygen
in the stoichiometric composition may be introduced into the
metal oxide (e.g., interstitial site, etc.).

For example, the oxygen content atomic percentage of
Ta, O is a ratio of oxygen atom number with respect to a total
atom number (O/(Ta+0)), and 5/(2+5)=71.4 atm %. There-
fore, the oxygen content atomic percentage of the tantalum
oxide is greater than 0 and smaller than 71.4 atm %. For
example, when a metal constituting the first metal oxide layer
and a metal constituting the second metal oxide layer are of
the same kind, their oxygen content atomic percentages cor-
respond to degrees of deficiency of oxygen. That is, when the
oxygen content atomic percentage of the second metal oxide
is greater than the oxygen content atomic percentage of the
first metal oxide, the degree of oxygen deficiency of the
second metal oxide is smaller than the degree of oxygen
deficiency of the first metal oxide.

The kind of the first metal oxide and the kind of the second
metal oxide are not particularly limited. As the metal consti-
tuting the first metal oxide and the metal constituting the
second metal oxide, a transition metal, aluminum (Al) and the
like may be used. As the transition metal, tantalum (Ta),
titanium (T1), hathium (Hf), zirconium (Zr), niobium (Nb),
tungsten (W), nickel (Ni), and the like may be used. Since the
transition metal is able to have a plurality of oxidized states,
it can realize different resistance states by a redox reaction.
Specifically, for example, at least one metal oxide selected
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from the group consisting of a tantalum oxide, a hafnium
oxide, and a zirconium oxide, may be used. When the tanta-
lum oxide is used as the metal oxide, and the first metal oxide
is expressed as TaO_ (x: number of atoms of O when number
of atoms of Ta is 1), 0.8<x=1.9 may be satisfied.

In a case where the second metal oxide and the first metal
oxide are oxides of the same metal, the second metal oxide
comprises a metal oxide having a higher oxygen content
atomic percentage than the first metal oxide. In this case, the
oxygen content atomic percentage is not particularly limited.
For example, the oxygen content atomic percentage may be
of a metal oxide which is an insulator.

In a case where the tantalum oxide is used as the first metal
oxide and the second metal oxide, when the first metal oxide
is expressed as TaO, (x: number of atoms of 0 when number
of atoms of Ta is 1), and the second metal oxide is expressed
as TaO,, (y: number of atoms of 0 when number of atoms of Ta
is 1), x<y may be satisfied.

The first metal constituting the first metal oxide and the
second metal constituting the second metal oxide may be
different metals. In this case, the second metal oxide may
have a smaller degree of oxygen deficiency, i.e., having a
higher resistance than the first metal oxide. In this configura-
tion, a larger portion of a voltage applied between the lower
electrode layer and the upper electrode layer to cause resis-
tance change is fed to the second metal oxide, which facili-
tates proceeding of a redox reaction in the second metal
oxide.

In a case where different materials are used as the first
metal and the second metal, the second metal may have a
lower standard electrode potential than the first metal. As a
value of the standard electrode potential is greater, oxidation
of'the corresponding metal takes place less easily. This allows
the redox reaction to take place easily in the second metal
oxide having a relatively lower standard electrode potential.

It is presumed that a resistance changing phenomenon
occurs in such a manner that a filament (electric conductive
path) changes due to the redox reaction taking place in a small
localized region formed in the second metal oxide layer hav-
ing a higher resistance, and thereby a resistance value (degree
of oxygen deficiency) in the localized region changes.

For example, if the tantalum oxide is used as the first metal
oxide and titanium oxide (TiO,) is used as the second metal
oxide, a stable resistance changing operation occurs. Tita-
nium (standard electrode potential=—1.63 eV) has a lower
standard electrode potential than tantalum (standard elec-
trode potential=—0.6 eV).

By using as the second metal oxide, the oxide of the metal
having a lower standard electrode potential than the first
metal oxide, the redox reaction takes place in the second
metal oxide more easily.

In another combination, aluminum oxide (Al,O;) may be
used as the second metal oxide. For example, the tantalum
oxide (TaO,) may be used as the first metal oxide and the
aluminum oxide (Al,0;) may be used as the second metal
oxide.

It is presumed that the resistance changing phenomenon in
the variable resistance layer having the above stated stacked-
layer structure occurs in such a manner that the filament
(electric conductive path) in the small localized region
changes due to the redox reaction taking place in the localized
region formed in the second metal oxide layer having a higher
resistance, and thereby a resistance value in the localized
region changes.

That is, the following presumption may be made. When a
positive voltage is applied to the upper electrode layer con-
nected to the second metal oxide layer on the basis of the
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lower electrode layer, oxygen ions in the variable resistance
layer are drawn toward the second metal oxide layer. This
causes an oxidation reaction to proceed in the small localized
region formed in the second metal oxide layer, so that the
degree of oxygen deficiency decreases. As a result, the fila-
ment in the localized region is likely to be disconnected, and
the resistance value in the localized region increases.

On the other hand, when a negative voltage is applied to the
upper electrode layer connected to the second metal oxide
layer on the basis of the lower electrode layer, oxygen ions in
the second metal oxide layer are pushed toward the first metal
oxide layer. This causes the redox reaction to proceed in the
small localized region formed in the second metal oxide layer,
so that the degree of oxygen deficiency increases. As a result,
the filament in the localized region is likely to be connected
easily, and the resistance value in the localized region
decreases.

A vertical positional relationship between the first metal
oxide layer and the second metal oxide layer is not particu-
larly limited. The second metal oxide layer may be formed on
and above the first metal oxide layer. Or, the first metal oxide
layer may be formed on and above the second metal oxide
layer.

The first metal oxide layer may be formed by, for example,
sputtering, CVD, ALD and the like. The second metal oxide
layer may be formed by, for example, sputtering, CVD, ALD,
and the like. When the second metal oxide layer is formed on
and above the first metal oxide layer, it may be formed by
oxidizing an upper portion of the first metal oxide layer using
plasma, oxygen gas, etc.

A material of the upper electrode layer is not particularly
limited. Specifically, when the upper electrode layer and the
second metal oxide layer which is lower in degree of oxygen
deficiency are in contact with each other, it is preferable that
the upper electrode layer comprises a material having a higher
standard electrode potential than a material constituting the
lower electrode layer located under the variable resistance
layer and the metal constituting the second metal oxide. For
example, the material of the upper electrode layer may be at
least one material selected from the group consisting of iri-
dium (Ir), platinum (Pt), palladium (Pd), gold (Au), copper
(Cu), and silver (Ag).

The lower electrode layer connected to the first metal oxide
which is higher in degree of oxygen deficiency may be, for
example, tungsten (W), nickel (Ni), tantalum (Ta), titanium
(T1), aluminum (Al), tantalum nitride (TaN), titanium nitride
(TiN), etc. The lower electrode layer may comprise a material
having a lower standard electrode potential than the metal
constituting the first metal oxide.

A standard electrode potential V2 of'a material constituting
the upper electrode layer, a standard electrode potential Vr2
of'metal constituting the second metal oxide, a standard elec-
trode potential Vrl of metal constituting the first metal oxide,
and a standard electrode potential V1 of a material constitut-
ing the lower electrode layer may satisfy a relationship of
Vr2<V2 and V1<V2 may be satisfied. In addition, a relation-
ship of V2>Vr2 and Vr1=V1 may be satisfied.

In this configuration, the redox reaction takes place selec-
tively in a portion of the second metal oxide layer which is
present in the vicinity of an interface between the upper
electrode layer and the second metal oxide layer, thereby
enabling a stable resistance changing phenomenon to take
place.

The upper electrode layer may be formed by sputtering,
CVD (chemical vapor deposition), ALD (atomic layer depo-
sition), and the like.
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In some cases, actual step may include the step of forming
the interlayer insulating layer, the wire, the via, and the like.
However, these steps are used in normal semiconductor pro-
cess step and therefore are not depicted in FIG. 6.

The upper electrode layer may be used as the lower elec-
trode layer in the upper non-volatile memory element layer.
In this case, the step (S11, S21, . . . S51) of forming the lower
electrode layer may be identical to the step (S14, S24, ... S54)
of forming the upper electrode layer. At least one of the upper
electrode layer and the lower electrode layer may be used as
the wire layer. The upper electrode layer and the lower elec-
trode layer may be an identical constituent, which may be
used as the wire layer. The above recitation may be applied to
another embodiments and modified examples.

In a case where the upper electrode layer and the second
metal oxide layer are in contact with each other, the lower
electrode layer and the first metal oxide layer are in contact
with each other, and the lower electrode layer and the upper
electrode layer are formed as separate constituents, it is pref-
erable that the lower electrode layer comprises an electrode
material comprising as a major component a material (e.g.,
TaN (tantalum nitride), etc.) having a lower standard elec-
trode potential than the upper electrode layer. Specifically,
when each of the first metal oxide and the second metal oxide
comprises the tantalum oxide, the lower electrode layer may
comprise a material selected from the group consisting of
TaN, W, Ni, Ta, Ti, Al, etc., and the upper electrode layer may
comprise a material selected from the group consisting of Pt,
Ir, Pd, Ag, Cu, Au, etc. In this configuration, the redox reac-
tion takes place selectively in a portion of the second metal
oxide layer which is present in the vicinity of an interface
between the upper electrode layer and the second metal oxide
layer, thereby enabling a stable resistance changing phenom-
enon to take place.

In a case where the upper electrode layer and the first metal
oxide layer are in contact with each other, the lower electrode
layer and the second metal oxide layer are in contact with
each other, and the lower electrode layer and the upper elec-
trode layer are formed as separate constituents, it is preferable
that the lower electrode layer comprises a material having a
higher standard electrode potential than the material consti-
tuting the upper electrode layer and the second metal oxide,
and the upper electrode comprises an electrode material com-
prising as a major component a material (e.g., TaN (tantalum
nitride), etc.) having a lower standard electrode potential than
the lower electrode layer. Specifically, when each of the first
metal oxide and the second metal oxide comprises the tanta-
lum oxide, the upper electrode layer may preferably comprise
a material selected from the group consisting of TaN, W, Ni,
Ta, Ti, Al, etc., and the lower electrode layer may preferably
comprise a material selected from the group consisting of Pt,
Ir, Pd, Ag, Cu, Au, etc. In this configuration, the redox reac-
tion takes place selectively in a portion of the second metal
oxide layer which is present in the vicinity of an interface
between the lower electrode layer and the second metal oxide
layer, thereby enabling a stable resistance changing phenom-
enon to take place.

The lower electrode layer may be formed by sputtering,
CVD (chemical vapor deposition), ALD (atomic layer depo-
sition), and the like.

The lower electrode layers in different non-volatile
memory element layers may comprise the same material or
different materials. The first metal oxide layers in different
non-volatile memory element layers may comprise the same
material or different materials. The second metal oxide layers
in different non-volatile memory element layers may com-
prise the same material or different materials. The upper
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electrode layers in different non-volatile memory element
layers may comprise the same material or different materials.

A thickness of the second metal oxide layer in each of
non-volatile memory element layers just after the step of
forming the corresponding non-volatile memory element
layer is completed will be hereinafter referred to as “thickness
in formation.”

In the manufacturing method of the variable resistance
non-volatile memory device according to Embodiment 1, the
thickness in formation is made different, among the steps of
forming the non-volatile memory element layers, to cause all
of the non-volatile memory elements in a state in which
formation of the uppermost non-volatile memory element
layer is completed, to have an equal initial resistance.

The term “have an equal initial resistance” means that the
initial resistances of all of the non-volatile memory elements
substantially match at a level at which no problem occurs in
practice of the variable resistance non-volatile memory
device, i.e., the initial resistances fall within an allowable
range in practice of the variable resistance non-volatile
memory device.

Inacase where non-volatile memory elements each includ-
ing a variable resistance layer including a plurality of metal
oxide layers which are different from each other in oxygen
content atomic percentage and are stacked together, are
stacked together, heat budget (accumulated heating amount)
is made different among the non-volatile memory element
layers, which may result in fluctuation of the oxygen profiles
and hence fluctuation of the element characteristics. In the
variable resistance non-volatile memory device and the
manufacturing method thereof of the present embodiment, by
adjusting the thickness of the second metal oxide layer (layer
with a higher oxygen content atomic percentage: higher-
resistance layer), which would directly affect the initial resis-
tance, the characteristics of the cells in a completed state of
the device can be made uniform. Therefore, it becomes pos-
sible to provide a variable resistance non-volatile memory
device which is uniform in the resistance changing character-
istics. As a result, the memory having a more layers and a
greater capacity can be implemented easily.

The thickness in formation may be greater in the step
corresponding to a lower non-volatile memory element layer,
among the steps of forming the non-volatile memory element
layers.

When the thickness in formation in the step of forming a
lower non-volatile memory element layer is D1 and the thick-
ness in formation in the step of forming an upper non-volatile
memory element layer is D2, regarding any one of all com-
binations of two steps of forming the non-volatile memory
element layers, which occur successively, among the steps of
forming the non-volatile memory element layers, D2<D1<
(1.1xD2) may be satisfied.

In accordance with this configuration, fluctuation of diftu-
sion of oxygen can be lessened to a certain level or less, which
makes it easier to make the element characteristics uniform.

The element included in the non-volatile memory device of
the present embodiment, i.e., the non-volatile memory ele-
ment may be formed in such a manner that after the corre-
sponding layers are stacked together, they are patterned. Or,
the layers may be sequentially formed inside of a through-
hole formed in the interlayer insulating layer. Or, a portion of
the plurality of layers may be formed outside of the through-
hole and another portion may be formed inside of the through-
hole.

The step of forming the variable resistance layer and the
step of forming the upper electrode layer on and above the
variable resistance layer may be performed successively, or
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another step may inserted between these steps. Moreover,
portions of these steps may overlap with each other.

In a configuration in which the lower electrode layer, the
first metal oxide layer, the second metal oxide layer and the
upper electrode layer are stacked in this order, another layer
may intervene between the layers. For example, in a case
where the second metal oxide layer is formed on and above
the first metal oxide layer, another metal oxide layer compris-
ing a metal oxide having an oxygen content atomic percent-
age different from that of the first metal oxide may be formed
between the lower electrode layer and the first metal oxide
layer. Or, for example, in the case where the second metal
oxide layer is formed on and above the first metal oxide layer,
another metal oxide layer comprising a metal oxide having an
oxygen content atomic percentage different from that of the
second metal oxide may be formed between the second metal
oxide layer and the upper electrode layer.

Example 1

FIGS. 7A to 7L are views showing the steps of a manufac-
turing method of the variable resistance non-volatile memory
device according to Example 1 of Embodiment 1. With ref-
erence to FIGS. 7A to 7L, the manufacturing method of the
present example will be described.

FIG.7A is a view showing the step of forming on and above
the substrate, the first wire, the first interlayer insulating layer,
and the first contact plug in Example 1 of Embodiment 1.

As the substrate 100, for example, a silicon substrate is
used. The first wire 101 comprises, for example, aluminum.
The first wire 101 may be formed in such a manner that after
a first wire material layer (thickness: 400 to 600 nm) is depos-
ited by, for example, sputtering, it is processed to have a
desired shape by patterning using a desired mask and by dry
etching. Specifically, for example, the width of the first wire
101 may be 0.25 um and the thickness of the first wire 101
may be 450 nm.

On the substrate 100, the first interlayer insulating layer
102 is formed such that it covers the first wire 101. The first
interlayer insulating layer 102 comprises, for example,
TEOS. The first interlayer insulating layer 102 is deposited
by, for example, the CVD, and is planarized by CMP. Spe-
cifically, for example, the thickness of the first interlayer
insulating layer 102 may be, for example, 500to 1000 nm. As
a material of the interlayer insulating layer 102, a silicon
oxide may be used. Or, to reduce a parasitic capacitance
between wires, low-k material (low-dielectric material) such
as a fluorine-containing oxide (e.g., FSG) is suitably used, as
the material of the first interlayer insulating layer 102.

A first contact hole is formed in the first interlayer insulat-
ing layer 102 such that it penetrates the first interlayer insu-
lating layer 102 and exposes the first wire 101. The first
contact hole is formed by, for example, patterning using a
desired mask and by dry-etching. Specifically, for example, a
diameter of the first contact hole may be 50 to 300 nm. The
diameter of the first contact hole is preferably smaller than the
width of the first wire 101. According to this configuration,
even if mask misalignment occurs during the patterning, a
contact area of a portion of the first wire 101 and a portion of
the first contact plug 103, which portions are in contact with
each other can be made uniform. As a result, it becomes
possible to suppress fluctuation of cell currents which would
be caused by fluctuation of the contact areas.

An electrically-conductive material layer is deposed to fill
the first contact hole. A portion of the electrically-conductive
material layer which is located above an upper end surface of
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the first interlayer insulating layer 102 is removed, thereby
forming the first contact plug 103.

The electrically-conductive material layer may be formed
by, for example, the method described below. Firstly, a tita-
nium nitride layer (TiN layer) serving as a diffusion barrier is
deposited with a thickness of 5 to 30 nm by sputtering. Then,
a titanium layer (Ti layer) serving as an adhesive layer is
deposited with a thickness of 5 to 30 nm by CVD. Then,
tungsten which becomes a major constituent of the contact
plug is deposited with a thickness of 200 to 400 nm by CVD.
In this way, the first contact hole is filled with the electrically-
conductive material layer having a stacked-layer structure
(W/Ti/TiN structure). The electrically-conductive material is
removed by, for example, CMP.

FIG. 7B is a view showing the step of forming the lower
electrode layer in the first non-volatile memory element layer
such that the lower electrode layer covers the first contact
plug, in Example 1 of Embodiment 1. The lower electrode
layer 104 in the first non-volatile memory element layer may
comprise, for example, tantalum nitride (TaN). The lower
electrode layer 104 may be deposited by, for example, sput-
tering. A thickness of the lower electrode layer 104 may be,
for example, 20 to 50 nm.

FIG. 7Cis a view showing the step of forming on and above
the lower electrode layer, the first metal oxide layer in the first
non-volatile memory element layer and the second metal
oxide layer in the first non-volatile memory element layer, in
this order, in Example 1 of Embodiment 1.

The first metal oxide layer 105¢ may comprise TaO,
(0.8=x<1.9). The first metal oxide layer 1054 is deposited by
reactive sputtering in which sputtering is performed using, for
example, a target comprising tantalum, in an atmosphere
containing oxygen. An oxygen content atomic percentage of
the first metal oxide layer 1054 may be not less than 44 atm %
and not more than 66 atm %. A resistivity of the first metal
oxide layer 1054 may be not less than 0.2 mQ2 cm and not
more than 50 mQ cm. A thickness of the first metal oxide
layer 105a may be not less than 20 nm and not more than 100
nm, which is a measurement value obtained using spectro-
scopic ellipsometry.

For example, conditions of the reactive sputtering may be
set such that a power supply output is 1000 W, a deposition
pressure is 0.05 Pa, an argon flow rate is 20 sccm, and an
oxygen gas flow rate is 21 sccm.

The second metal oxide layer 1054 comprises, for
example, Ta,O. The second metal oxide layer 1055 may be
deposited by sputtering using, for example, a target compris-
ing tantalum oxide (Ta,O5). An oxygen content atomic per-
centage of the second metal oxide layer 1055 may be not less
than 67 atm % and not more than 72 atm %. A resistivity of the
first metal oxide layer 105a may be not less than 10" mQcm.
A thickness of the second metal oxide layer 1055 may be not
less than 3 nm and not more than 10 nm.

Like the first metal oxide layer 1054, the second metal
oxide layer 10556 may be deposited by the reactive sputtering.
Or, the second metal oxide layer 1056 may be formed by
plasma oxidation in which an upper portion of the first metal
oxide layer 105a is treated by oxygen plasma. For example,
conditions of the plasma oxidation may be such that a RF
power supply output is 50 W, a substrate temperature is 270
degrees C., and an O, flow rate is 0.3 SLM. In this case, the
second metal oxide layer 1065 may be configured to have a
composition which is close to Ta,O5 (oxygen content atomic
percentage=71.4%), which is an insulating substance.

Inthe present example, the first metal oxide layer 105a and
the second metal oxide layer 1055 constitute a variable resis-
tance layer 105.
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FIG. 7D is a view showing the step of forming the upper
electrode layer in the first non-volatile memory element layer
on and above the second metal oxide layer, in Example 1 of
Embodiment 1. The upper electrode layer 106 may comprise,
for example, iridium (Ir). The upper electrode layer 106 in the
first non-volatile memory element layer is deposited by, for
example, sputtering. A thickness of the upper electrode layer
106 may be, for example, 80 nm.

FIG. 7E is a view showing the step of forming the non-
volatile memory element in the first non-volatile memory
element layer by patterning, in Example 1 of Embodiment 1.

Specifically, for example, the lower electrode layer 104, the
first metal oxide layer 1054, the second metal oxide layer
1055 and the upper electrode layer 106 are patterned using
desired mask(s) and by dry etching, thereby forming the
non-volatile memory element. The non-volatile memory ele-
ment may have, for example, a square shape having a side
with a length of 100 to 500 nm, when viewed from a thickness
direction of the substrate (when viewed from above).

The lower electrode layer 104, the first metal oxide layer
105a, the second metal oxide layer 1055 and the upper elec-
trode layer 106 may be patterned together using the same
mask, or individually for each layer.

FIG. 7F is a view showing the step of forming the second
interlayer insulating layer and the second contact plug on and
above the non-volatile memory element, in Example 1 of
Embodiment 1.

The second interlayer insulating layer 107 may be config-
ured like the first interlayer insulating layer 102 and formed in
the same method as that for the first interlayer insulating layer
102. To mitigate a residual stress in the second interlayer
insulating layer 107 and remove a residual moisture from the
second interlayer insulating layer 107, after forming the sec-
ond interlayer insulating layer 107, the second interlayer
insulating layer 107 may be thermally treated for 10 minutes,
for example, in a heating furnace heated up to 400 degrees C.
Preferably, such a heating process may be performed collec-
tively for all of the non-volatile memory element layers, after
formation of an uppermost non-volatile memory element
layer is completed.

The second contact plug 108 may be configured like the
first contact plug 103 and formed in the same method.

FIG. 7G is a view showing the step of forming the second
wire, the third interlayer insulating layer and the third contact
plug on and above the second contact plug, in Example 1 of
Embodiment 1.

The second wire 201, the third interlayer insulating layer
202, and the third contact plug 203 may be configured like the
first wire 101, the first interlayer insulating layer 102, and the
first contact plug 103, respectively, and formed in the same
method as that for the first wire 101, the first interlayer insu-
lating layer 102, and the first contact plug 103. Note that the
second wire 201 and the first wire 101 may extend so as to
cross each other when viewed from the thickness direction of
the substrate 100.

FIG. 7H is a view showing the step of forming the lower
electrode layer in the second non-volatile memory element
layer such that the lower electrode layer covers the third
contact plug, in Example 1 of Embodiment 1. The lower
electrode layer 204 in the second non-volatile memory ele-
ment layer may be configured like the lower electrode layer
104 in the first non-volatile memory element layer and
formed in the same method as that for the lower electrode
layer 104.

FIG. 71is a view showing the step of forming on and above
the lower electrode layer, the first metal oxide layer in the
second non-volatile memory element layer and the second
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metal oxide layer in the second non-volatile memory element
layer, in this order, in Example 1 of Embodiment 1. The first
metal oxide layer 205a in the second non-volatile memory
element layer and the second metal oxide layer 2055 in the
second non-volatile memory element layer may be config-
ured like the first metal oxide layer 1054 in the first non-
volatile memory element layer and the second metal oxide
layer 1055 in the first non-volatile memory element layer,
respectively, and formed in the same method as that the first
metal oxide layer 1054 and the second metal oxide layer
1055, except for the thickness.

In the step of FIG. 71, for example, the second metal oxide
layer 2055 is made 1.2 nm thinner than the second metal
oxide layer 1055. This allows the second metal oxide layer
10554 in the first non-volatile memory element layer and the
second metal oxide layer 2055 in the second non-volatile
memory element layer to have a substantially equal thickness
after formation of the second non-volatile memory element
layer is completed (see Experiment 4).

FIG. 7] is a view showing the step of forming the upper
electrode layer in the second non-volatile memory element
layer on and above the second metal oxide layer, in Example
1 of Embodiment 1. The upper clectrode layer 206 in the
second non-volatile memory element layer may be config-
ured like the upper electrode layer 106 in the first non-volatile
memory element layer and may be formed in the same
method as that for the upper electrode layer 106.

FIG. 7K is a view showing the step of forming the non-
volatile memory element in the second non-volatile memory
element layer, by patterning, in Example 1 of Embodiment 1.
This patterning may be performed in the same method as that
in the case where the non-volatile memory element in the first
non-volatile memory element layer is formed.

FIG. 7L is a view showing the step of forming a fourth
interlayer insulating layer, a fourth contact plug, and a third
wire on and above the non-volatile memory element, in
Example 1 of Embodiment 1. The fourth interlayer insulating
layer, the fourth contact plug, and the third wire may be
configured like the first interlayer insulating layer 102, the
first contact plug 103, and the first wire 101, respectively, and
may be formed in the same method.

By the above described method, a cross-point variable
resistance memory device having the two non-volatile
memory element layers is manufactured.

As described above, at a time point when the step of FIG. 71
is completed, the second metal oxide layer 1055 in the first
non-volatile memory element layer and the second metal
oxide layer 20554 in the second non-volatile memory element
layer are caused to have a substantially equal thickness. How-
ever, for example, in a case where heating influence occurring
thereafter is varied from layer to layer, the second metal oxide
layer 1055 in the first non-volatile memory element layer and
the second metal oxide layer 20554 in the second non-volatile
memory element layer may be caused to have a substantially
equal thickness, at a time point when any of the step of FIG.
71, the step of FIG. 7K and the step of FIG. 7L is completed.
In any cases, it is desired that the second metal oxide layers in
all of the non-volatile memory element layers have a substan-
tially equal thickness at a time point when formation of the
uppermost non-volatile memory element layer is completed.

The steps of FIGS. 7B to 7E correspond to the step (S100
of FIG. 6) of forming the first non-volatile memory element
layer. The steps of FIGS. 7H to 7K correspond to the step
(S200 of FIG. 6) of forming the second non-volatile memory
element layer. The steps of FIGS. 7B and 7H correspond to
the step (S11, S21 of FIG. 6) of forming the lower electrode
layer. The steps of FIGS. 7C and 71 correspond to the step
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(810, S20 of FIG. 6) of forming the variable resistance layer.
The steps of FIGS. 7D and 7] correspond to the step (S14, S24
of FIG. 6) of forming the upper electrode layer.

After the step of FIG. 7L, the step of forming the interlayer
insulating layer and the contact plug, of the step of FIG. 7A,
the steps of FIGS. 7B to 7F, and the step of forming the wire,
of'the step of FIG. 7G; may be performed again, to manufac-
ture a variable resistance memory device including a third
non-volatile memory element layer. In addition, the step of
forming the interlayer insulating layer and the contact plug, of
the step of FIG. 7G; and the steps of FIGS. 7H to 7L. may be
performed again, to manufacture a variable resistance
memory device including a fourth non-volatile memory ele-
ment layer. After that, in the same method, a variable resis-
tance memory device including five or more non-volatile
memory element layers can be manufactured.

Experiment 4

In Experiment 4, regarding samples created in a method
similar to that of the sample (TEOS) including the interlayer
insulating layer comprising TEOS in Experiment 3, in such a
manner that only the thickness of the second metal oxide layer
included in each of the non-volatile memory element layers
just after completing the step of forming the corresponding
non-volatile memory element layer, i.e., the thickness in for-
mation, was made different among the non-volatile memory
element layers, initial resistance of the non-volatile memory
element in the first non-volatile memory element layer and
initial resistance of the non-volatile memory element in the
second non-volatile memory element layer were compared to
each other.

FIG. 8 is a view of a result of Experiment 4. As shown in
FIG. 8, the initial resistance was lower in the first non-volatile
memory element layer (lower layer) than in the second non-
volatile memory element layer (upper layer). More specifi-
cally, when the thickness of the second metal oxide layers was
equal and 6 nm, the initial resistance of the non-volatile
memory element in the first layer was about 1.7x107Q, while
the initial resistance of the non-volatile memory element in
the second layer was about 3.6x107Q.

This result implied that oxygen diffused from the second
metal oxide layer 1055 to the first metal oxide layer 105a in
the first non-volatile memory element layer, due to heating
conducted when the second non-volatile memory element
layer was formed, and as a result, the second metal oxide layer
1055 was thinned.

A distance between two curves created by fitting the first
non-volatile memory element layer and the second non-vola-
tile memory element layer was 1.2 nm. From this, by setting
the thickness in formation in the first non-volatile memory
element layer greater than the thickness in formation in the
second non-volatile memory element layer by 1.2 nm, all of
the non-volatile memory elements (the non-volatile memory
element in the first non-volatile memory element layer and
the non-volatile memory element in the second non-volatile
memory element layer) after formation of the uppermost
non-volatile memory element layer (in Experiment 4, second
non-volatile memory element layer) is completed can have an
equal initial resistance.

By conducting a similar experiment, the thickness in for-
mation could be made different, among the steps of forming
the non-volatile memory element layers so that all of the
non-volatile memory elements after formation of the upper-
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most non-volatile memory element layer can have an equal
initial resistance, depending on specific embodiments.

Embodiment 2

In Embodiment 1, the element characteristics are made
uniform using the thicknesses of the second metal oxide
layers. Embodiment 2 is different from Embodiment 1 in that
a third metal oxide layer is formed on an outer peripheral
portion of each of the first metal oxide layers, and the element
area and the width of the third metal oxide layer are adjusted
to attain uniform element characteristics.

FIG. 9 is a flow chart showing an exemplary manufacturing
method of a variable resistance non-volatile memory device
according to Embodiment 2.

As shown in FIG. 9, in a manufacturing method of a vari-
able resistance non-volatile memory device according to
Embodiment 2, the step (S101, S201, . .. S501) of forming the
non-volatile memory element layer is repeated plural times.
In the flowchart of FIG. 9, the step of forming the non-volatile
memory element layer is repeated N times. N may be a natural
number of 2 or more.

The step of forming the non-volatile memory element layer
includes the step (S11, S21, . . . S51) of forming the lower
electrode layer, the step (S10, S20, . . . S50) of forming the
variable resistance layer on and above the lower electrode
layer, the step (S14, S24, . . . S54) of forming the upper
electrode layer on and above the variable resistance layer, and
the step (S15, S25, . . . S55) of forming the third metal oxide
layer comprising a third metal oxide having a higher oxygen
content atomic percentage than the first metal oxide, on the
outer peripheral portion of the first metal oxide layer such that
the second metal oxide layer is interposed between the first
metal oxide layer and the third metal oxide layer, and the
electrode.

The kind of the third metal oxide is not particularly limited.
Specifically, for example, as the third metal oxide, at least one
metal oxide which is selected from the group consisting of
tantalum oxide, hafnium oxide, and zirconium oxide, is suit-
ably used.

In the case where tantalum oxides are used as the first metal
oxide, the second metal oxide, and the third metal oxide,
0.8=x<1.9, x<y and x<z are preferably satisfied, when the
first metal oxide is expressed as TaO, (x: number of atoms of
0 when number of atoms of Ta is 1), the second metal oxide is
expressed as TaO,, (y: number of atoms of 0 when number of
atoms of Ta is 1), and the third metal oxide is expressed as
TaO, (z: number of atoms of O when number of atoms of Ta
is 1).

In the case where hafnium oxides are used as the first metal
oxide, the second metal oxide, and the third metal oxide,
0.9=x<1.6, x<y and x<z are preferably satisfied, when the
first metal oxide is expressed as HfO, (x: number of atoms of
0 when number of atoms of Hf is 1), the second metal oxide
is expressed as HfO,, (y: number of atoms of 0 when number
of'atoms of Hf is 1), and the third metal oxide is expressed as
HfO, (z: number of atoms of 0 when number of atoms of Hf
is 1).

In the case where zirconium oxides are used as the first
metal oxide, the second metal oxide, and the third metal
oxide, 0.9=x<1.4, x<y and x<z are preferably satisfied, when
the first metal oxide is expressed as ZrO, (x: number of atoms
of' 0 when number of atoms of Zr is 1), the second metal oxide
is expressed as ZrO,, (y: number of atoms of 0 when number
of'atoms of Zr is 1), and the third metal oxide is expressed as
ZrO, (z: number of atoms of 0 when number of atoms of Zr is

1).
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A relationship of magnitude between y and z is not par-
ticularly limited. y and z are preferably values which allow
each of the metal oxides to be an insulating layer. Or, a
resistivity of each of the second metal oxide and the third
metal oxide is equal to or greater than 10" m Qm.

The third metal oxide layer is preferably formed to sur-
round an entire peripheral portion of the first metal oxide
layer. Preferably, the first metal oxide layer and the third
metal oxide layer have upper end surfaces which are coplanar
with each other and lower end surfaces which are coplanar
with each other, and the second metal oxide layer is disposed
to cover the entire of one of the upper and lower end surfaces.
A contour of the second metal oxide layer and a contour of the
third metal oxide layer preferably conform to each other
when viewed from a direction in which the second metal
oxide layer and the third metal oxide layer are stacked
together.

In the case where the variable resistance layer is formed in,
for example, a band shape, the third metal oxide layer may be
formed at right and left sides of the first metal oxide layer
when a lengthwise direction of the first metal oxide layer is a
forward and rearward direction.

The step of forming the lower electrode layer, the step of
forming the variable resistance layer and the step of forming
the upper electrode layer may be the same as those of
Embodiment 1 and will not be described in repetition.

Hereinafter, an area of a portion of the second metal oxide
layer and a portion of the first metal oxide layer, which por-
tions are in contact with each other, in each of the non-volatile
memory element layers, just after the step of forming the
corresponding non-volatile memory element layer is com-
pleted, will be referred to as “area in formation”.

In the present embodiment, the area in formation is made
different among the steps of forming the non-volatile memory
element layers so that all of the non-volatile memory ele-
ments after formation of the uppermost non-volatile memory
element layer is completed can have an equal initial resistance
value.

The step of forming the third metal oxide layer may be
performed in such a manner that, for example, the variable
resistance layer and the upper electrode layer are patterned,
and then are thermally treated (annealed) in an oxygen atmo-
sphere. A heating temperature may be, for example, 300
degrees C. to 450 degrees C. In such a method, the outer
peripheral portion which is a portion of the first metal oxide
layer is oxidized, to form the third metal oxide layer.

In a case where the third metal oxide layer is formed by
such a method, the temperature of the heating process may be
raised or lowered, or a time of the heating process may be
increased or decreased, thereby allowing the area in forma-
tion to be made different among the steps of forming the
non-volatile memory element layers.

For a period of time that passes from when the variable
resistance layer of the non-volatile memory element in the
first layer is formed before the variable resistance layer of the
non-volatile memory element in the second layer is formed,
additional heat is applied to the variable resistance layer of the
non-volatile memory element in the first layer. This heating
causes oxygen to diffuse from the third metal oxide layer
105¢ with a higher oxygen content atomic percentage to the
first metal oxide layer 105a with a lower oxygen content
atomic percentage, and oxygen to be supplied from the sec-
ond interlayer insulating layer 107 to the third metal oxide
layer 105¢. Because of the diffusion and supply of oxygen, a
ratio of the area of the first metal oxide layer 1054 with
respect to the area of the entire element decreases, and thus,
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an effective area of the non-volatile memory element in the
first layer substantially decreases.

To attain a substantially equal effective area among the
plurality of non-volatile memory element layers, for
example, the width of the third metal oxide layer 105¢ of the
non-volatile memory element in the first layer, in formation of
the first layer, may be adjusted to be smaller than the width of
the third metal oxide layer 205¢ of the non-volatile memory
element in the second layer, in formation of the second layer
(Example 1).

Alternatively, for example, the area of the non-volatile
memory element in the first layer in formation of the first
layer may be adjusted to be greater than the area of the
non-volatile memory element in the second layer in forma-
tion of the second layer (Example 2).

Inacase where non-volatile memory elements each includ-
ing a variable resistance layer including a plurality of metal
oxide layers which are different from each other in oxygen
content atomic percentage and are stacked together, are
stacked together, heat budget (accumulated heating amount)
is different among the non-volatile memory element layers,
which may result in fluctuation of the oxygen profiles and
hence fluctuation of the element characteristics. In the vari-
able resistance non-volatile memory device and the manufac-
turing method thereof of the present embodiment, by adjust-
ing at least one of the thickness of the third metal oxide layer
(layer with a higher oxygen content atomic percentage:
higher-resistance layer) and the element area, which would
directly affect the effective area, the characteristics of the
cells in a completed state of the device can be made uniform.
Therefore, it becomes possible to provide a variable resis-
tance non-volatile memory device which is uniform in the
resistance changing characteristics. As a result, the memory
having more layers and a greater capacity can be imple-
mented easily.

Alternatively, by adjusting both of the thickness of the third
metal oxide layer and the element area, the characteristics of
the cells in the completed state can be made uniform.

In the case where at least one of the lower electrode and the
upper electrode is exposed to an oxidizing agent, preferably,
the electrode may comprise a material which is oxidized less
easily to allow the entire one main surface of the first metal
oxide remaining after forming the third metal oxide layer to
contribute to the resistance changing operation. For example,
precious metal is oxidized less easily and is suitably used as
an electrode material. Or, tantalum nitride is suitably used as
the electrode material, because an oxidation amount of tan-
talum nitride is much less than that of the third metal oxide
layer (not shown) in the heating process as described above.

Because of the above step, a region (area of a portion of the
first metal oxide layer and a portion of the electrode which
face each other: effective area) which is electrically active in
the non-volatile memory element is reduced, and a current
density increases. Therefore, a break voltage can be lowered,
and break processing can be performed in a short time.

Alternatively, the step of forming the third metal oxide
layer may be carried out by oxidizing the outer peripheral
portion which is a portion of the first metal oxide layer by
another method.

Modified example of Embodiment 1 may be applicable in
the same manner in Embodiment 2.

Example 1
In Example 1 of Embodiment 2, the area of the portion of

the third metal oxide layer and the portion of the second metal
oxide layer, which portions are in contact with each other just
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after the step of forming the corresponding non-volatile
memory element layer is completed is made smaller in the
step corresponding to the lower non-volatile memory element
layer, among the steps of forming the non-volatile memory
element layers.

In this configuration, the area of the portion of the third
metal oxide layer and the portion of the second metal oxide
layer, which portions are in contact with each other is made
greater in the lower non-volatile memory element layer, due
to the step including the heating performed after the corre-
sponding non-volatile memory element layer is formed. This
allows the areas each of which is defined by the portion of the
third metal oxide layer and the portion of the second metal
oxide layer, which portions are in contact with each other at a
time point when formation of the uppermost non-volatile
memory element layer is completed, to be substantially made
equal. As a result, the areas each of which is defined by the
portion of the first metal oxide layer and the portion of the
second metal oxide layer, which portions are in contact with
each other, can be made substantially equal.

FIGS. 10A to 10E are views showing the steps of a manu-
facturing method of the variable resistance non-volatile
memory device according to Example 1 of Embodiment 2.
Hereinafter, the manufacturing method of the present
example will be described with reference to FIGS. 10A to
10E.

FIG. 10A is a view showing the step of forming on and
above the substrate, the first wire, the first interlayer insulat-
ing layer, the first contact plug, the patterned lower electrode
layer, the patterned first metal oxide layer, the patterned sec-
ond metal oxide layer and the patterned upper electrode layer,
in Example 1 of Embodiment 2. This step may be identical to
the steps of FIGS. 7A to 7E, and will not be described in detail
in repetition.

These layers may be patterned together using the same
mask or individually for each layer.

FIG. 10B is a view showing the step of forming the non-
volatile memory element in the first non-volatile memory
element layer, by oxidizing a portion of the first metal oxide
layer to form the third metal oxide layer, in Example 1 of
Embodiment 2. Specifically, the step may be carried out by
the heating process (annealing) in oxygen atmosphere of, for
example, 300 degrees C. to 450 degrees C. In this step, a
portion of the first metal oxide layer 1054 is oxidized to form
the third metal oxide layer 105¢. When the second metal
oxide layer 1055 comprises Ta,Os, the second metal oxide
layer 1055 is not oxidized substantially.

In this step, conditions of the oxidation step are set so that
an oxidation amount of the first metal oxide layer is made less
than that in the step of FIG. 10D. The oxidation amount of the
first metal oxide layer may be adjusted by, for example,
increasing/decreasing at least one of a heating temperature
and a heating time. The extent up to which the oxidation
amount of the first metal oxide layer should be increased may
be decided suitably by conducting an experiment similar to
Experiment 4 (experiment conditions other than the oxidation
step are common to the samples), for the elements including
the third metal oxide layers.

FIG. 10C is a view showing the step of forming, on and
above the non-volatile memory element, the second inter-
layer insulating layer, the second contact plug, the second
wire, the third interlayer insulating layer, the third contact
plug, the patterned lower electrode layer, the patterned first
metal oxide layer, the patterned second metal oxide layer and
the patterned upper electrode layer, in Example 1 of Embodi-
ment 2. This step may be performed like the steps of FIGS. 7E
to 7K, and therefore will not be described in detail in repeti-
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tion. In the present example, the mask used in the step of FIG.
10C is preferably identical to that used in the step of FIG.
10A.

FIG. 10D is a view showing the step of forming the non-
volatile memory element in the second non-volatile memory
element layer, by oxidizing a portion of the first metal oxide
layer to form the third metal oxide layer, in Example 1 of
Embodiment 2.

In this step, conditions of the oxidation step are set so that
an oxidation amount of the first metal oxide layer is made
greater than that in the step of FIG. 10B. The oxidation
amount of the first metal oxide layer may be adjusted by, for
example, increasing/decreasing at least one of the heating
temperature and the heating time. The extent up to which the
oxidation amount of the first metal oxide layer should be
increased may be decided suitably by conducting an experi-
ment (experiment conditions other than the oxidation step are
common to the samples) similar to Experiment 4, for the
elements including the third metal oxide layers.

This step may be identical to the step of FIG. 10B except
for the above, and therefore will not be described in detail in
repetition.

FIG. 10E is a view showing the step of forming, on and
above the non-volatile memory element, the fourth interlayer
insulating layer, the forth contact plug, and the third wire, in
Example 1 of Embodiment 2. This step may be identical to the
step of FIG. 7L, and therefore will not be described in detail
in repetition.

Through the above method, it is possible to manufacture a
cross-point variable resistance memory device including two
non-volatile memory element layers can be manufactured.

The steps of FIGS. 10B and 10D correspond to the step of
forming the third metal oxide layer (S15, S25 in FIG. 9). An
area of a portion of the second metal oxide layer 1056 and a
portion of the first metal oxide layer 105a, which portions are
in contact with each other in the first non-volatile memory
element layer at a time point when the step of FIG. 10B is
completed, may be an area in formation in the first non-
volatile memory element layer. An area of a portion of the
second metal oxide layer 20556 and a portion of the first metal
oxide layer 2054, which portions are in contact with each
other in the second non-volatile memory element layer at a
time point when the step of FIG. 1 OD is completed may be
area in formation in the second non-volatile memory element
layer.

A variable resistance memory device including a third
non-volatile memory element layer may be manufactured by
performing again the step of forming the interlayer insulating
layer, the contact plug, the patterned lower electrode layer, the
patterned first metal oxide layer, the patterned second metal
oxide layer, and the patterned upper electrode layer, of the
step of FIG. 10A, the step of F1IG. 10B, and the step of forming
the interlayer insulating layer and the wire, of the step of FI1G.
10C, after the step of FIG. 10E. In addition, a variable resis-
tance memory device including a fourth non-volatile memory
element layer may be manufactured by performing again the
step of forming the interlayer insulating layer, the contact
plug, the patterned lower electrode layer, the patterned first
metal oxide layer, the patterned second metal oxide layer, and
the patterned upper electrode layer, of the step of FIG. 10C,
and the steps of FIGS. 10D and 10E. After that, in the same
method, a variable resistance memory device including five
or more non-volatile memory element layers can be manu-
factured.

Example 2

In Example 2 of Embodiment 2, the area of the upper
electrode layer just after the step of forming each of the
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non-volatile memory element layers is completed is made
greater in the step corresponding to a lower non-volatile
memory element layer, among the steps of forming the non-
volatile memory element layers. In the present example, the
area of the upper electrode layer is equal to a physical area of
the non-volatile memory element.

In this configuration, the area of the portion of the third
metal oxide layer and the portion of the second metal oxide
layer, which portions are in contact with each other, is made
greater, in the lower non-volatile memory element layer, due
to the step including the heating process performed after
forming the corresponding non-volatile memory element
layer. Therefore, the areas (effective areas) each of which is
defined by the portion of the first metal oxide layer and the
portion of the second metal oxide layer, which portions are in
contact with each other at a time point when formation of the
uppermost non-volatile memory element layer is completed
can be made equal.

FIGS. 11A to 11E are views showing the manufacturing
method of'the variable resistance non-volatile memory device
according to Example 2 of Embodiment 2. Hereinafter, the
manufacturing method of the present example will be
described with reference to FIGS. 11A to 11E.

FIG. 11A is a view showing the step of forming on and
above the substrate, the first wire, the first interlayer insulat-
ing layer, the first contact plug, the lower electrode layer in the
first non-volatile memory element layer, the first metal oxide
layer in the first non-volatile memory element layer, the sec-
ond metal oxide layer in the first non-volatile memory ele-
ment layer, and the upper electrode layer in the first non-
volatile memory element layer, in Example 2 of Embodiment
2. This step may be identical to the steps of FIGS. 7A to 7D,
and will not be described in detail in repetition.

FIG. 11B is a view showing the step of patterning the lower
electrode layer, the first metal oxide layer, the second metal
oxide layer and the upper electrode layer, in Example 2 of
Embodiment 2.

In this step, the area (area of upper end surface) of a stack
comprising the lower electrode layer, the first metal oxide
layer, the second metal oxide layer, and the upper electrode
layer which are formed by patterning may be not less than 200
nm and not more than 700 nm. This area is set greater than the
area of the non-volatile memory element in the second layer
(upper layer). This is because, an accumulated heating
amount (heat budget) corresponding to a cell in a lower layer
is greater than that corresponding to a cell in an upper layer,
and therefore, the effective area in the cell in the lower layer
is reduced to a greater degree. This step may be identical to
the step of FIG. 7E except for the above, and will not be
described in detail in repetition.

The layers may be patterned together using the same mask
or individually for each layer.

FIG. 11C is a view showing the step of forming the non-
volatile memory element in the first non-volatile memory
element layer, by oxidizing a portion of the first metal oxide
layer to form the third metal oxide layer, in Example 2 of
Embodiment 2.

FIG. 11D is a view showing the step of forming, on and
above the non-volatile memory element, the second inter-
layer insulating layer, the second contact plug, the second
wire, the third interlayer insulating layer, the third contact
plug, the patterned lower electrode layer, the patterned first
metal oxide layer, the patterned second metal oxide layer and
the patterned upper electrode layer, in Example 2 of Embodi-
ment 2.

In this step, the shapes of the masks are suitably set so that
the area of the upper electrode layer in the second non-volatile
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memory element layer is smaller than the area of the upper
electrode layer in the first non-volatile memory element layer.
Specifically, for example, the area (area of upper end surface)
of'a stack comprising the lower electrode layer, the first metal
oxide layer, the second metal oxide layer and the upper elec-
trode layer which are formed by patterning may be not less
than 100 nm and not more than 500 nm. The extent to which
the size of the mask is reduced may be suitably decided by
conducting an experiment (experiment conditions other than
the shapes of the masks are common to the samples) similar to
Experiment 4, for the elements including the third metal
oxide layers. This step may be identical to the steps of FIGS.
7F to 7K except for the above, and will not be described in
detail in repetition.

FIG. 11E is a view showing the step of forming the non-
volatile memory element in the second non-volatile memory
element layer, by oxidizing a portion of the first metal oxide
layer to form a third metal oxide layer, in Example 2 of
Embodiment 2. This step may be identical to the step of FIG.
10B, and will not be described in detail in repetition. In the
present example, conditions of the oxidation step of FIG. 11E
are preferably identical to conditions of the oxidation step of
FIG. 11C.

FIG. 11F is a view showing the step of forming on and
above the non-volatile memory element, a fourth interlayer
insulating layer, a fourth contact plug, and a third wire, in
Example 2 of Embodiment 2. This step may be identical to the
step of FIG. 7L, and will not be described in detail in repeti-
tion.

Through the above method, a cross-point variable resis-
tance memory device including two non-volatile memory
element layers is manufactured.

The steps of FIGS. 11C and 11E correspond to the step
(S15, 525 in FIG. 9) of forming the third metal oxide layer. An
area of a portion of the second metal oxide layer 1056 and a
portion of the first metal oxide layer 105a, which portions are
in contact with each other in the first non-volatile memory
element layer at a time point when the step of FIG. 11C is
completed, may be an area in formation in the first non-
volatile memory element layer. An area of a portion of the
second metal oxide layer 20556 and a portion of the first metal
oxide layer 2054, which portions are in contact with each
other in the second non-volatile memory element layer at a
time point when the step of FIG. 11E is completed may be an
area in formation in the second non-volatile memory element
layer.

A variable resistance memory device including a third
non-volatile memory element layer may be manufactured by
performing again the step of forming the interlayer insulating
layer, the contact plug, the lower electrode layer, the first
metal oxide layer, the second metal oxide layer, and the upper
electrode layer, of the step of FIG. 10A, the steps of FIGS.
10B and 10C, and the step of forming the interlayer insulating
layer and the wire, of the step of FIG. 10D, after the step of
FIG. 11F. In addition, a variable resistance memory device
including a fourth non-volatile memory element layer may be
manufactured by performing again the step of forming the
interlayer insulating layer, the contact plug, the patterned
lower electrode layer, the patterned first metal oxide layer, the
patterned second metal oxide layer, and the patterned upper
electrode layer, of the step of F1IG. 10D, and the steps of FIGS.
10E and 10F. After that, in the same method, a variable
resistance memory device including five or more non-volatile
memory element layers can be manufactured.

Embodiment 3

In Embodiment 2, the element characteristics can be made
uniform by adjusting the element area and the width of the
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third metal oxide layer. Embodiment 3 is different from
Embodiment 2 in that supply of oxygen from interlayer insu-
lating layer to the third metal oxide layer can be suppressed by
providing an oxygen barrier layer.

FIG. 12 is a flowchart showing an example of Embodiment
3.

As shown in FIG. 12, in a manufacturing method of a
variable resistance non-volatile memory device according to
Embodiment 3, the step (S102, S202, . .. S502) of forming the
non-volatile memory element layer is repeated plural times.
In the flowchart of FIG. 12, the step of forming the non-
volatile memory element layer is repeated N times. N may be
a natural number of 2 or more.

The step of forming the non-volatile memory element layer
includes the step (S11, ... S51) of forming the lower electrode
layer, the step (S10, . . . S50) of forming the variable resis-
tance layer on and above the lower electrode layer, the step
(S14, . . . S54) of forming the upper electrode layer on and
above the variable resistance layer, the step (S15, . . . S55) of
forming the third metal oxide layer comprising a third metal
oxide having a higher oxygen content atomic percentage than
the first metal oxide on the outer peripheral portion of the first
metal oxide layer such that the second metal oxide layer is
interposed between the first metal oxide layer and the third
metal oxide layer, and the electrode, and the step (S16, . . .
S56) of forming the oxygen barrier layer on the side wall of
the variable resistance layer.

The oxygen barrier layer may comprise, for example, sili-
con nitride (Si;N,). The oxygen barrier layer can be formed in
such a manner that a silicon nitride is deposited by, for
example, plasma CVD, sputtering, etc., and an unnecessary
portion of silicon nitride is removed by etch back.

The oxygen barrier layer may cover only a portion of the
side wall of the variable resistance layer. Preferably, the oxy-
gen barrier layer covers the entire side wall of the variable
resistance layer.

The oxygen barrier layer is able to suppress the oxidizing
agent (oxygen, etc.) from migrating from outside to the vari-
able resistance layer, especially to the first metal oxide layer
and the third metal oxide layer, and suppress an effect on the
effective area which would be caused by the step accompa-
nied by heating. Specifically, for example, a reduction of the
first metal oxide layer can be suppressed, or, for example, an
increase in the third metal oxide layer can be suppressed.

The step of forming the lower electrode layer, the step of
forming the variable resistance layer, and the step of forming
the upper electrode layer may be the same as those of
Embodiment 1, and will not be described in detail in repeti-
tion.

The step of forming the third metal oxide layer may be
identical to that of Embodiment 2 and will not be described in
detail in repetition.

For aperiod of time from when the variable resistance layer
of'the non-volatile memory element in the first layer is formed
before the variable resistance layer of the non-volatile
memory element in the second layer is formed, unnecessary
heat is applied to the variable resistance layer of the non-
volatile memory element in the first layer. This heating causes
oxygen to diffuse from the third metal oxide layer 105¢ with
a higher oxygen content atomic percentage to the first metal
oxide layer 105a with a lower oxygen content atomic percent-
age, and oxygen to be supplied from the second interlayer
insulating layer 107 to the third metal oxide layer 105¢. By
diffusion and supply of oxygen, a ratio of the area of the first
metal oxide layer 105a with respect to the area of the entire
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element decreases, and thus, an effective area of the non-
volatile memory element in the first layer substantially
decreases.

Inthe present embodiment, the oxygen barrier layer is able
to suppress oxygen from migrating from the second interlayer
insulating layer 107 to the third metal oxide layer 105¢. This
makes it possible to suppress a reduction of the effective area
of'the non-volatile memory element in the first layer. To attain
a substantially equal effective area, for example, it is suffi-
cient that the width of the third metal oxide layer 205¢ of the
non-volatile memory element in the second layer is slightly
greater, or the width of the third metal oxide layer 105¢ of the
non-volatile memory element in the first layer is made
slightly smaller. In a case where at least one of Embodiment
1 and Embodiment 2 is combined with Embodiment 3, the
thickness in formation and the area in formation can be easily
adjusted. In the case where fluctuation of the effective area is
suppressed almost perfectly by providing the oxygen barrier
layer, it is not necessary to adjust the area in formation.

Inacase where non-volatile memory elements each includ-
ing a variable resistance layer including a plurality of metal
oxide layers which are different from each other in oxygen
content atomic percentage and are stacked together, are
stacked together, heat budget (accumulated heating amount)
is different among the non-volatile memory element layers,
which may result in fluctuation of the oxygen profiles and
hence fluctuation of the element characteristics. In the vari-
able resistance non-volatile memory device and the manufac-
turing method thereof of the present embodiment, the oxygen
barrier layer is able to suppress migration of oxygen from the
interlayer insulating layer and an increase in the area of the
third metal oxide layer, which would directly affect the effec-
tive area, thereby attaining a state in which the characteristics
of the cells in a completed state of the device can be made
uniform. Therefore, it becomes possible to provide a variable
resistance non-volatile memory device which is uniform in
the resistance changing characteristics. As a result, the
memory having more layers and a greater capacity can be
implemented easily.

Example 1

FIGS. 13A to 13F are views showing a manufacturing
method ofthe variable resistance non-volatile memory device
according to Example 1 of Embodiment 3. Hereinafter, the
manufacturing method of the present example will be
described with reference to FIGS. 13A to 11F.

FIG. 13A is a view showing the step of forming the non-
volatile memory element in the first non-volatile memory
element layer in Example 1 of Embodiment 3, in such a
manner that the first wire, the first interlayer insulating layer
and the first contact plug are formed on and above the sub-
strate, the lower electrode layer, the first metal oxide layer, the
second metal oxide layer and the upper electrode layer are
formed by patterning on and above the first wire, the first
interlayer insulating layer and the first contact plug, and a
portion of the first metal oxide layer is oxidized to form the
third metal oxide layer. This step may be identical to the steps
of FIGS. 10A and 10B and will not be described in detail in
repetition.

FIG. 13B is a view showing the step of forming the oxygen
barrier layer on the side wall in the variable resistance layer in
the first non-volatile memory element layer, in Example 1 of
Embodiment 3. The oxygen barrier layer 109 is formed by for
example, the method described below. Initially, on and above
the first interlayer insulating layer 102 provided with the
non-volatile memory element, silicon nitride (Si;N,) which is



US 9,082,968 B2

33

an oxygen barrier material is deposited with a thickness of 20
nm by plasma CVD. Then, an unnecessary portion of silicon
nitride is removed by etch back (example of etching gas:
fluorine based gas such as CHF;). Through this process, the
oxygen barrier layer 109 is formed. At this time, conditions of
the removing step are preferably adjusted so that at least the
third metal oxide layer 105¢ is entirely covered with silicon
nitride.

The oxygen barrier layer 109 is able to suppress oxygen
from migrating from the second interlayer insulating layer
107 to the third metal oxide layer 105¢ or oxygen migrating
from outside of the second interlayer insulating layer 107 to
the third metal oxide layer 105¢.

By using the plasma CVD as the deposition method of the
oxygen barrier material, a portion defined by the non-volatile
memory element and the first interlayer insulating layer 102
can be fully filled with the oxygen barrier material (good step
coverage property is attained).

By using the sputtering as the deposition method of the
oxygen barrier material, a lowered temperature can be easily
attained, and a change in the oxygen profile (vertical distri-
bution) of the variable resistance layer can be suppressed.

FIG. 13C is a view showing the step of forming, on and
above the non-volatile memory element with the side wall of
the variable resistance layer covered with the oxygen barrier
layer, the second interlayer insulating layer, the second con-
tact plug, the second wire, the third interlayer insulating layer,
the third contact plug, the patterned lower electrode layer, the
patterned first metal oxide layer, the patterned second metal
oxide layer and the patterned upper electrode layer, in
Example 1 of Embodiment 3. This step may be identical to the
steps of FIGS. 7F to 7K, and will not be described in detail in
repetition.

FIG. 13D is a view showing the step of forming the non-
volatile memory element in the second non-volatile memory
element layer, by oxidizing a portion of the first metal oxide
layer to form the third metal oxide layer, in Example 1 of
Embodiment 3. This step may be identical to the step of FIG.
10B and will not be described in detail in repetition.

FIG. 13E is a view showing the step of forming the oxygen
barrier layer on the side wall of the variable resistance layer in
the second non-volatile memory element layer, in Example 1
of Embodiment 3. This step may be identical to the step of
FIG. 13B, and will not be described in detail in repetition.

FIG. 13F is a view showing the step of forming, on and
above the non-volatile memory element with the side wall of
the variable resistance layer covered with the oxygen barrier
layer, the fourth interlayer insulating layer, the fourth contact
plug, and the third wire, in Example 1 of Embodiment 3. This
step may be identical to the step of FIG. 7L, and will not be
described in detail in repetition.

By the above described method, a cross-point variable
resistance memory device having two non-volatile memory
element layers is manufactured.

The steps of FIGS. 13B and 13E correspond to the step
(816, S56 in FIG. 12) of forming the oxygen barrier layer. A
thickness of the second metal oxide layer 1055 at a time point
when the step of FIG. 13B is completed may be a thickness in
formation in the first non-volatile memory element layer. An
area of a portion of the second metal oxide layer 1056 and a
portion of the first metal oxide layer 105a, which portions are
in contact with each other in the first non-volatile memory
element layer at a time point when the step of FIG. 13B is
completed, may be an area in formation in the first non-
volatile memory element layer. A thickness of the second
metal oxide layer 2055 at a time point when the step of FIG.
13E is completed may be a thickness in formation in the
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second non-volatile memory element layer. An area of a por-
tion of the second metal oxide layer 2056 and a portion of the
first metal oxide layer 2054, which portions are in contact
with each other in the second non-volatile memory element
layer at a time point when the step of FIG. 13E is completed
may be area in formation in the second non-volatile memory
element layer.

A variable resistance memory device including a third
non-volatile memory element layer may be manufactured by
performing again the step of forming the interlayer insulating
layer, the contact plug, and the variable resistance element, of
the step of FIG. 13A, the step of FIG. 13B, and the step of
forming the interlayer insulating layer and the wire, of the
step of FIG. 13C, after the step of FIG. 13F. In addition, a
variable resistance memory device including a fourth non-
volatile memory element layer may be manufactured by per-
forming again the step of forming the interlayer insulating
layer, the contact plug, the patterned lower electrode layer, the
patterned first metal oxide layer, the patterned second metal
oxide layer, and the patterned upper electrode layer, of the
step of FIG. 13C, and the steps of FIGS. 13D to 10F. After
that, in the same method, a variable resistance memory device
including five or more non-volatile memory element layers
can be manufactured.

In the present example, when the oxygen barrier layer is
ableto almost perfectly suppress the oxidizing agent (oxygen,
etc.) from migrating from outside to the variable resistance
layer, especially to the first metal oxide layer and the third
metal oxide layer, and almost perfectly suppress an effect on
the effective area which would be caused by the step accom-
panied by the heating, the areas in formation in all of the
non-volatile memory element layers can be made equal. In
this case, by making the thickness in formation different,
among the steps of forming the non-volatile memory element
layers, all of the non-volatile memory elements in the state in
which formation of the uppermost non-volatile memory ele-
ment layer is completed may be adjusted to have an equal
initial resistance.

Experiment 5

In Experiment 5, comparison was made for the width ofthe
third metal oxide layer and the current value, between the
element including the oxygen barrier layer and the element
including no oxygen barrier layer.

In Experiment 5, the non-volatile memory element was
formed in the same method as that for the sample (TEOS)
including the interlayer insulating layer comprising TEOS in
Experiment 3, except that the oxygen barrier layer was
formed before TEOS was deposited by plasma CVD (350
degrees C., hereinafter the same occurs), after forming the
non-volatile memory element.

The oxygen barrier layer was formed by the following
method. Firstly, silicon nitride (Si;N,) which was an oxygen
barrier material was deposited with a thickness of 20 nm, by
plasma CVD. Then, an unnecessary portion of silicon nitride
was removed by etch back (etching gas: fluorine based gas
such as CHF;).

AL was found in the same method as that of Experiment 3.
AL/2 corresponded to the width of the third metal oxide layer.

FIG. 14 is a view showing a comparison of the width of the
third metal oxide layer between the element including the
oxygen barrier layer and the element including no oxygen
barrier layer, in Experiment 5. FIG. 14 shows data of the
elements created using the mask with a size of (500 nmx500
nm).
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As shown in FIG. 14, AL/2 of the element including the
oxygen barrier layer was 10 nm or more smaller than AL/2 of
the element including no oxygen barrier layer. From this, it
was found that the oxygen barrier layer could suppress oxi-
dation of the third metal oxide layer.

FIG. 15 is a view showing a comparison between a current
value (HR) corresponding to a higher-resistance state and a
current value (LR) corresponding to a lower-resistance state,
which occurred in a case where the element including the
oxygen barrier layer and the element including no oxygen
barrier layer were caused to perform a resistance changing
operation, in Experiment 5. FIG. 15 shows data of the ele-
ments created by using the mask with a size of (500 nmx500
nm). The applied voltage was 0.4V.

As shown in FIG. 15, there was a greater difference
between HR and LR in the element including the oxygen
barrier layer than in the element including no oxygen barrier
layer. In addition, there was a smaller degree of fluctuation of
currents in the element including the oxygen barrier layer
than in the element including no oxygen barrier layer. It was
presumed that these results were attributed to the fact that the
oxygen barrier caused an increase in the effective element
size, which resulted in improved characteristics, and that the
oxygen barrier suppressed migration of oxygen from the
interlayer insulating layer, which resulted in uniform struc-
ture of the variable resistance layer.

Modified Example 1

In modified example 1, in the manufacturing method of the
variable resistance memory device of one of Embodiment 1
and Embodiment 2, the step accompanied by heating other
than the deposition step and the etching step is performed
after the step of forming the uppermost non-volatile memory
element layer is completed.

The deposition step refers to the step of depositing a layer
and the step of increasing a layer thickness by CVD, sputter-
ing, etc.

The etching step refers to the step of scraping a layer and
the step of forming a contact hole and the like in a layer, by
etch back, etching process, etc.

The step accompanied by heating other than the deposition
step and the etching step may be at least one step selected
from the group consisting of the step of removing a moisture
from the interlayer insulating layer by heating, the step of
heating a metal wire for hardening, and the step of heating to
restore a defective of a transistor formed at a underside of a
lowermost non-volatile memory element layer.

The sintering step (step of stabilizing a threshold voltage
by restoring the defective in the transistor, the step of remov-
ing a moisture from the interlayer insulating layer, the step of
heating the wire for hardening, etc.) provides great heat bud-
get and tends to affect the oxygen profile of the non-volatile
memory element. Therefore, by performing the sintering step
after formation of all of the non-volatile memory element
layers is completed, it becomes possible to suppress fluctua-
tion of the element characteristics among the non-volatile
memory element layers. The “heat budget” refers to, for
example, a value representing an evaluation of an accumu-
lated heating amount as to how a particular event is affected
by the accumulated heating amount.

Modified Example 2

In modified example 2, the manufacturing method of the
variable resistance memory device of one of Embodiment 1
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and Embodiment 2 further includes the step of forming a
current steering element placed in series with the non-volatile
memory element.

FIG. 16 is a view showing an exemplary schematic con-
figuration of a variable resistance non-volatile memory ele-
ment according to Modified example 2.

As shown in FIG. 16, in the variable resistance memory
device according to Modified example 2, a current steering
element in the first non-volatile memory element layer, which
comprises a first electrode layer 110, a current steering layer
111, and a second electrode layer 112, is placed in series with
the non-volatile memory element in the first non-volatile
memory element layer, which comprises the lower electrode
layer 104, the variable resistance layer 105 and the upper
electrode layer 106. In addition, a current steering element in
the first non-volatile memory element layer, which comprises
a first electrode layer 210, a current steering layer 211, and a
second electrode layer 212, is placed in series with the non-
volatile memory element in the first non-volatile memory
element layer, which comprises the lower electrode layer 204,
the variable resistance layer 205 and the upper electrode layer
206.

Since the current steering element is placed in each cell, an
influence of a leak current can be lessened. Thus, it becomes
easier to implement a cross-point memory having a higher
capacity.

Although in the example of FIG. 16, the lower electrode
layer 104 and the second electrode layer 112 are an identical
member, they may be separate members, respectively. Also,
although in the example of FIG. 16, the lower electrode layer
204 and the second electrode layer 212 are an identical mem-
ber, they may be separate members, respectively.

Although in the example of FIG. 16 in each of the non-
volatile memory element layers, the non-volatile memory
element is placed on and above the current steering element,
the current steering element may be placed on and above the
non-volatile memory element. Moreover, a vertical positional
relationship between the current steering element and the
non-volatile memory element may be reversed, between a
particular non-volatile memory element layer and another
non-volatile memory element layer.

Numeral modifications and alternative embodiments of the
present invention can be made by those skilled in the art in
view of the foregoing description. Accordingly, the descrip-
tion is to be construed as illustrative only, and is provided for
the purpose of teaching those skilled in the art the best mode
of carrying out the invention. The details of the structure
and/or function may be varied substantially without departing
from the spirit of the invention.

INDUSTRIAL APPLICABILITY

A variable resistance non-volatile memory device and a
manufacturing method thereof of the present invention are
useful as a variable resistance non-volatile memory device
and a manufacturing method thereof which are able to sup-
press fluctuation of element characteristics in a case where
non-volatile memory elements each including a variable
resistance layer including a plurality of transition metal oxide
layers which are different from each other in oxygen content
atomic percentage and are stacked together, are stacked
together, more effectively than a conventional variable resis-
tance non-volatile memory device and a conventional manu-
facturing method thereof.

REFERENCE SINGS LISTS

10 non-volatile memory element
100 substrate
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101 first wire
102 first interlayer insulating layer
103 first contact plug
104 lower electrode layer
105a first metal oxide layer
1055 second metal oxide layer
105¢ third metal oxide layer
106 upper electrode layer
107 second interlayer insulating layer
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2. The method of manufacturing the variable resistance

non-volatile memory device according to claim 1,

wherein by diffusion of oxygen including diffusion of oxy-
gen from the second metal oxide layer to the first metal
oxide layer, in the steps of forming all of the non-volatile
memory element layers, at least one of the thickness in
formation and the area in formation is made different,
among the steps of forming the non-volatile memory
element layers, to cause all of the non-volatile memory

}gg Zicyogii%oaﬁ?;t %)al;égr 10 element layers, in a state in which formation. of the
110 first electrode uppermost non-volatile memory e?lement layer is com-
111 current steering layer pleted, to have an equal initial resistance.

112 second electrode 3. The method of manufacturing the variable resistance
201 second wire 15 Dhon-volatile memory device according to claim 1,

202 third interlayer insulating layer
204 lower electrode layer

205a first metal oxide layer

2055 second metal oxide layer

205c¢ third metal oxide layer

206 upper electrode layer

207 fourth interlayer insulating layer
208 fourth contact plug

209 oxygen barrier layer

wherein the thickness in formation is greater in the step
corresponding to a lower non-volatile memory element
layer, among the steps of forming the non-volatile
memory element layers.

4. The method of manufacturing the variable resistance

non-volatile memory device according to claim 3,

wherein when the thickness in formation in the step of
forming a lower non-volatile memory element layer is
D1 and the thickness in formation in the step of forming

210 first electrode 25 an upper non-volatile memory element layer is D2,
211 current steering layer regarding a combination of two steps of forming the
212 second electrode non-volatile memory element layers, which occur suc-
301 t.hlrd wire ) cessively, among the steps of forming the non-volatile
The invention claimed is: memory element layers,

1. A method of manufacturing a variable resistance non- 30

D2<D1<(1.1xD2) is satisfied.

volatile memory device including non-volatile memory ele-
ment layers stacked together by repeating a step of forming a
non-volatile memory element layer plural times,

5. The method of manufacturing the variable resistance
non-volatile memory device according to claim 1,

the step of forming the non-volatile memory element layer

wherein the step of forming the non-volatile memory ele-
ment layer includes the step of forming a third metal

including steps of: 35 ; > . c :
forming a lower electrode layer; 0?(1de layer comprising a thlrd metal oxide having a
forming a variable resistance layer on and above the higher oxygen content atomic percentage than the first
lower electrode layer; and metal oxide, on an outer peripheral portion of the first
forming an upper electrode layer on and above the vari- metal oxide layer such that the second metal oxide layer
able resistance layer; and 40 is interposed between the first metal oxide layer and the

the step of forming the variable resistance layer including
steps of:
forming a first metal oxide layer comprising a first metal
oxide; and

third metal oxide layer, and the electrode.
6. The method of manufacturing the variable resistance

non-volatile memory device according to claim 5,

wherein in the step corresponding to a lower non-volatile

forming a second metal oxide layer comprising a second 45 memory element layer, among the steps of forming the
metal oxide having a higher oxygen content atomic non-volatile memory element layers, an area of a portion
percentage than the first metal oxide, wherein: of the third metal oxide layer and a portion of the second
when a thickness of the second metal oxide layer included metal oxide layer, which portions are in contact with
in each of the non-volatile memory element layers just each other, just after the step of forming the correspond-
after the step of forming a corresponding non-volatile 50

memory element layer is completed is a thickness in
formation, and

when an area of a portion of the second metal oxide layer
included in each of the non-volatile memory element

ing non-volatile memory element layer is completed, is
smaller.
7. The method of manufacturing the variable resistance

non-volatile memory device according to claim 5,

wherein in the step corresponding to a lower non-volatile

layers and a portion of the first metal oxide layer 55 .
included in a corresponding non-volatile memory ele- memory e?lement layer, among the steps of forming the
ment layer, which portions are in contact with each non-volatile memory .element layers, an area .Of the
other, just after the step of forming the corresponding upper electrode layer, Just affer the step of forming the
non-volatile memory element layer is completed is an corresponding non-volatile memory element layer is
area in formation, 60 completed, is greater.

at least one of the thickness in formation and the area in
formation is made different among the steps of forming
the non-volatile memory element layers, to cause all of
the non-volatile memory element layers in a state in
which formation of an uppermost non-volatile memory
element layer is completed, to have an equal initial resis-
tance.

8. The method of manufacturing the variable resistance

non-volatile memory device according to claim 1,

wherein the step of forming the non-volatile memory ele-
ment layer includes the step of forming an oxygen bar-
rier layer on a side wall of the variable resistance layer.
9. The method of manufacturing the variable resistance

non-volatile memory device according to claim 1,
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wherein in the step corresponding to a lower non-volatile
memory element layer, among the steps of forming the
non-volatile memory element layers, the area in forma-
tion is greater.
10. The method of manufacturing the variable resistance
non-volatile memory device according to claim 1,
wherein a step accompanied by heating, other than a depo-
sition step and an etching step, is performed after the
step of forming the uppermost non-volatile memory ele-
ment layer is completed.
11. A variable resistance non-volatile memory device com-
prising non-volatile memory element layers stacked together,
each of the non-volatile memory element layers including
a lower electrode layer, a variable resistance layer
formed on and above the lower electrode layer, and an
upper electrode layer formed on and above the variable
resistance layer,
the variable resistance layer including a first metal oxide
layer comprising a first metal oxide, and a second metal
oxide layer comprising a second metal oxide having a
higher oxygen content atomic percentage than the first
metal oxide, wherein:
when a thickness of the second metal oxide layer included
in each of the non-volatile memory element layers just
after formation of the corresponding non-volatile
memory element layer is completed is a thickness in
formation, and
when an area of a portion of the second metal oxide layer
included in each of the non-volatile memory element
layers and a portion of the first metal oxide layer
included in the corresponding non-volatile memory ele-
ment layer, which portions are in contact with each
other, just after formation of the corresponding non-
volatile memory element layer is completed is an area in
formation,
at least one of the thickness in formation and the area in
formation is made different among the non-volatile
memory element layers, to cause all of the non-volatile
memory element layers to have an equal initial resis-
tance.
12. The variable resistance non-volatile memory device
according to claim 11,
wherein all of the non-volatile memory element layers are
caused to have an equal initial resistance, by diffusion of
oxygen including diffusion of oxygen from the second
metal oxide layer to the first metal oxide layer, in the
steps of forming all of the non-volatile memory element
layers.
13. The variable resistance non-volatile memory device
according to claim 11,
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wherein the thickness in formation is greater in a lower

non-volatile memory element layer.

14. The variable resistance non-volatile memory device
according to claim 13,

wherein when the thickness in formation in a lower non-

volatile memory element layer is D1 and the thickness in
formation in an upper non-volatile memory element
layer is D2, regarding a combination of two non-volatile
memory element layers which are adjacent to each other,

D2<D1<(1.1xD2) is satisfied.

15. The variable resistance non-volatile memory device
according to claim 11,

wherein the variable resistance layer includes a third metal

oxide layer comprising a third metal oxide having a
higher oxygen content atomic percentage than the first
metal oxide, on an outer peripheral portion of the first
metal oxide layer; and

wherein the second metal oxide layer is interposed

between the first metal oxide layer and the third metal
oxide layer, and the electrode.

16. The variable resistance non-volatile memory device
according to claim 15,

wherein in a lower non-volatile memory element layer, an

area of a portion of the third metal oxide layer and a
portion of the second metal oxide layer, which portions
are in contact with each other, just after formation of'the
corresponding non-volatile memory element layer is
completed, is smaller.

17. The variable resistance non-volatile memory device
according to claim 15,

wherein in a lower non-volatile memory element layer, an

area of the upper electrode layer, just after formation of
the corresponding non-volatile memory element layer is
completed, is greater.

18. The variable resistance non-volatile memory device
according to claim 11,

wherein the non-volatile memory element layer includes

an oxygen barrier layer formed on a side wall of the
variable resistance layer.

19. The variable resistance non-volatile memory device
according to claim 11,

wherein the area in formation is greater in a lower non-

volatile memory element layer.

20. The variable resistance non-volatile memory device
according to claim 11, being obtained by performing a step
accompanied by heating, other than a deposition step and an
etching step, after formation of an uppermost non-volatile
memory element layer is completed.
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